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HYDRAULIC GEOMETRY OF 12 SELECTED STREAM 
SYSTEMS OF M E  UNITED STATES 
by John B .  S t a l l  and Chih Ted Yang 
SUMMARY 
Channel c h a r a c t e r i s t i c s  o f  stream systems have been eva lua ted  
f o r  12 r i v e r  bas ins  i n  t he  humid reg ion  o f  t he  Un i t ed  S ta tes .  Basins 
va ry  i n  s i z e  f rom 1532 t o  8410 square m i l e s ,  and r i v e r  s lopes from 
1.56 t o  107 f e e t  pe r  m i l e .  Each b a s i n  was s e l e c t e d  as hav ing  r e l a -  
t i v e l y  u n i f o r m  physiography, b u t  the  12 bas ins represen t  w i d e l y  
d i f f e r e n t  phys iograph ic  sec t i ons  o f  t he  coun t r y .  
Discharge, c ross - sec t i ona l  area,  w i d t h ,  depth,  and v e l o c i t y  o f  
a  s t ream a t  a  p a r t i c u l a r  l o c a t i o n  i n  t he  stream system a r e  each 
r e l a t e d  t o  the  f requency o f  occurrence o f  t he  d ischarge ,  F, i n  pe r -  
cen t  o f  days pe r  year ,  and t he  d ra inage  area,  Ad,  i n  square m i l e s .  
The r e s u l t i n g  f i v e  h y d r a u l i c  geometry equa t ions  represen t  the 
c h a r a c t e r i s t i c  i n t e r r e l a t i o n s h i p  o f  these f a c t o r s  throughout  the  
s t  ream sys tern. 
The Ho r ton -S t rah le r  laws o f  channel morphology prove t o  be v a l i d  
f o r  these stream systems, regard less  o f  t he  sca le  o f  map used f o r  
t h e i r  de te rm ina t i on .  Two new laws, the  Zm of  average stream faZZ, 
and the  Zm of Zeast ra te  of energy expenditure a r e  in t roduced .  A  
t h e o r e t i c a l  l o n g i t u d i n a l  streambed p r o f i l e  i s  computed, as w e l l  as 
an e q u i l i b r i u m  p r o f i l e .  The l a t t e r ,  when compared w i t h  t he  a c t u a l  
e x i s t i n g  streambed p r o f i l e ,  i n d i c a t e s  f u t u r e  channel aggrada t ion  o r  
deg rada t ion .  
Stream v e l o c i t i e s  c a l c u l a t e d  f rom h y d r a u l i c  geometry equa t ions  
check w i t h  t he  t i m e - o f - t r a v e l  measured i n  streams by use o f  dye 
t r a c e r s .  P r o v i s i o n a l  t i m e - o f - t r a v e l  curves f o r  a  140-mi le reach o f  
t he  Sangamon R i ve r  a r e  shown. Stream v e l o c i t y  and depth as c a l c u l a t e d  
by h y d r a u l i c  geometry equat ions can be used t o  es t ima te  t he  t o t a l  
c a p a c i t y  o f  a  stream t o  a s s i m i l a t e  wastes. 
l  NTRODUCT l ON 
Since 1895, t he  I ' l l i n o i s  S t a t e  Water Survey has c a r r i e d  o u t  a  f u l l - t i m e  
program o f  research and e v a l u a t i o n  o f  the  wa te r  resources o f  I l l i n o i s  i n c l u d i n g  
the q u a n t i t y  and q u a l i t y  o f  wa te r ,  bo th  su r face  waters  and underground waters .  
The p r o j e c t  r epo r t ed  here  i s  a  p a r t  o f  t h i s  research and e v a l u a t i o n .  Beginn ing 
i n  1914, a  c o n t i n u i n g  program o f  measurement o f  t he  f lows o f  l l l i n o i s  streams 
was undertaken. A t  about 12 l o c a t i o n s  i n  I l l i n o i s ,  t h e r e  have been cont inuous 
measurements o f  s t reamf low s i nce  1914. Th i s  program has been c a r r i e d  o u t  by the  
U. S .  Geo log ica l  Survey, which makes t he  measurements and pub l i shes  t he  r e s u l t s .  
The S t a t e  Water Survey has p a r t i c i p a t e d  i n  t h i s  program as a  s t a t e  sponsor s i n c e  
i t s  i n c e p t i o n .  The program i s  c a r r i e d  o u t  on a  match ing funds bas i s ,  i n  which 
t he  s t a t e  sponsor pays one-ha l f  o f  the  c o s t  o f  the  program and t he  U. S .  
Geo log ica l  Survey c o n t r i b u t e s  t he  o t h e r  h a l f .  I n  1970 about 160 cont inuous-  
record  permanent stream gaging s t a t i o n s  were i n  o p e r a t i o n  i n  l l l i n o i s  under 
t h i s  program. 
The s t reamf low da ta  f rom these gaging s t a t i o n s  have c o n t r i b u t e d  much t o  t he  
e f f e c t i v e  development o f  su r f ace  wate r  resources i n  I l l i n o i s .  The S t a t e  Water 
Survey, as w e l l  as o t h e r  agencies,  c a r r i e s  on a  c o n t i n u i n g  a n a l y s i s  o f  these 
s t reamf low da ta  t o  p r o v i d e  processed r e s u l t s  t h a t  w i l l  be v a l u a b l e  i n  t h i s  
resource development. A  major  s tudy  by S t a l l  (1964) has shown how t o  c a l c u l a t e  
the  y i e l d  o f  an impounding r e s e r v o i r ,  and t he  a n a l y s i s  o f  s t reamf low da ta  
f i g u r e d  i m p o r t a n t l y  i n  a  major  s tudy o f  p o t e n t i a l  su r f ace  wate r  r e s e r v o i r s  o f  
l l l i n o i s  by Dawes and T e r s t r i e p  (1966).  S i m i l a r l y ,  t h e  amounts o f  s t reamf low 
were assoc ia ted  w i t h  the  q u a l i t y  o f  su r f ace  wate r  i n  l l l i n o i s  i n  a  major  s tudy  
by Harmeson and Larson ( 1969) . The U. S . Geolog i ca 1 Survey has p rov i ded  
impor tan t  g e n e r a l i z a t i o n s  o f  s t reamf low da ta  d e a l i n g  w i t h  u n i t  hydrographs 
( M i  t c h e l l  , 1948) and f l o o d s  i n  I1 1 i n o i s  ( M i  t c h e l l  , 1954). Summarized da ta  on 
f l o w  d u r a t i o n  and the  d u r a t i o n  o f  h i g h  and low d ischarge  have been p rov ided  
f o r  l l l i n o i s  streams by C u r t i s  (1969).  
An e v a l u a t i o n  o f  t h e  h y d r a u l i c  geometry o f  l l l i n o i s  streams was made i n  a  
s tudy  by S t a l l  and Fok (1968).  I n  t h i s  s tudy ,  a  c o n s i s t e n t  p a t t e r n  was 
eva lua ted  i n  which t h e  w i d t h ,  depth,  and v e l o c i t y  o f  f l o w  i n  a  stream change 
a long  t he  course o f  t h e  stream w i t h  a  cons tan t  f requency o f  d ischarge.  These 
channel c h a r a c t e r i s t i c s ,  termed h y d r a u l i c  geometry, were shown t o  c o n s t i t u t e  
an in terdependent  system which was descr ibed  by a  s e r i e s  o f  graphs and equa t ions .  
The success o f  t h i s  e a r l i e r  s tudy i n  g e n e r a l i z i n g  these r e l a t i o n s  has l e d  t o  t h e  
p resen t  s tudy  o f  some se lec ted  stream systems o f  t he  Un i t ed  S ta tes .  l l l i n o i s  
i s  a  f l a t  p r a i r i e  s t a t e .  The streams have r e l a t i v e l y  low g r a d i e n t s .  The p resen t  
s tudy  has been o r i e n t e d  toward the  ex tens ion  o f  h y d r a u l i c  geometry r e l a t i o n s  . 
i n t o  p a r t s  o f  t h i s  coun t r y  hav ing  more rugged t e r r a i n ,  s teeper  stream s lopes,  
and g r e a t e r  v a r i a t i o n  i n  the  t o t a l  amount o f  r u n o f f .  
The concept o f  h y d r a u l i c  geometry was f i r s t  pub l i shed  by Leopold and 
Maddock (1953).  Here i t  was suggested t h a t  channel c h a r a c t e r i s t i c s  o f  n a t u r a l  
streams a r e  i n t e r r e l a t e d  i n  a  complex manner. The au thors  showed how the  na tu re  
o f  a  p a r t i c u l a r  r i v e r  system can be descr ibed  q u a n t i t a t i v e l y .  They f i r s t  
desc r ibed  t h i s  i n t e r r e l a t e d  system as the  hydraulic geometry o f  t he  stream 
system. These au thors  gave t h ree  p r i n c i p a l  equa t ions  as f o l l o w s :  
where W = w i d t h ,  D = mean depth,  V = mean v e l o c i t y ,  Q = d ischarge ,  and a, b,  
C,  f, k,  and rn a r e  numer ica l  cons tan ts .  Leopold and Maddock (1953) showed t h a t  
these r e l a t i o n s ,  even f o r  stream systems i n  g r e a t l y  d i f f e r e n t  phys iograph ic  
s e t t i n g s ,  appear t o  be c o n s i s t e n t .  The p resen t  s tudy  s e t  o u t  t o  p rov i de  
q u a n t i t a t i v e  e v a l u a t i o n  o f  the h y d r a u l i c  geometry f o r  a  number o f  d i f f e r e n t  
st ream systems i n  va r i ous  phys iograph ic  d i v i s i o n s  o f  t he  Un i t ed  S ta tes ,  and t o  
i n v e s t i g a t e  the  cons is tency  and v a r i a b i  1 i t y ,  as we1 1 as t he  numer ica l  va lue,  o f  
t h e  h y d r a u l i c  geometry cons tan ts  f o r  a  v a r i e t y  o f  stream systems. 
The n a t u r e  and dynamics o f  stream systems have been descr ibed  i n  a  h i g h l y  
readable  book by Morisawa (1968).  Recent impor tan t  s t u d i e s  o f  t he  h y d r a u l i c  
cha rac te r  o f  steep, rough stream channels have a l s o  been made by Judd and 
Peterson ( 1  969) and by Mo r r i s  ( 1  969) . These resu l  t s  p r o v i d e  some c h a r a c t e r i z a t i o n  
o f  h y d r a u l i c  geometry p a t t e r n s  f o r  streams o f  t h i s  na tu re .  An impor tan t  c o n t r i b u -  
t i o n  t o  t he  hydrau l  i c s  o f  n a t u r a l  channels has been p rov i ded  by Barnes (1967) i n  
the  form o f  c o l o r  photographs and d e s c r i p t i v e  da ta  f o r  SO stream channels i n  the  
Un i t ed  S ta tes  f o r  which roughness c o e f f i c i e n t s  a r e  a l s o  p rov ided .  
Ob jec t i ves  and Scope 
The o b j e c t i v e  o f  t h i s  research p r o j e c t  has been t o  develop t he  h y d r a u l i c  
geometry r e l a t i o n s  f o r  12 stream systems i n  t he  Un i t ed  S ta tes  se l ec ted  t o  re -  
p resen t  a  v a r i e t y  o f  phys iograph ic  and h y d r o l o g i c  c o n d i t i o n s .  The h y d r a u l i c  
geometry would be descr ibed  by a  s e t  o f  f i v e  equa t ions  f o r  each system. Th is  
would a l l o w  a  numer ica l  comparison o f  t he  h y d r a u l i c s  o f  streams between d i f f e r e n t  
phys iog raph i c  reg ions .  
Figure 1. Location o f  the 12 r iver  basins studied showing annual and seasonal 
dis tr ibut ion of runoff i n  inches 
From the  e a r l i e r  l l l i n o i s  s tudy ,  t he  Sangamon R i ve r  Bas in  was s e l e c t e d  as 
be ing  r e p r e s e n t a t i v e  o f  the h y d r a u l i c  geometry o f  l l l i n o i s  streams. As a  p a r t  
o f  t h a t  s tudy ,  t he  h y d r a u l i c  geometry r e l a t i o n s  were a l s o  developed f o r  the  west 
branch o f  the  White R i v e r  Bas in  i n  Ind iana .  The Whi te  R i ve r  Bas in  was deemed 
s l i g h t l y  d i f f e r e n t  f rom the  Sangamon Bas in ,  so these two bas ins  have been 
inc luded  i n  the  p resen t  s tudy.  Table  1 g i ves  phys i ca l  and h y d r o l o g i c  f a c t o r s  
f o r  the  12 r i v e r  bas ins  u l t i m a t e l y  se l ec ted .  The l o c a t i o n s  o f  these r i v e r  bas ins  
a r e  shown i n  t he  map i n  f i g u r e  1 .  The gene ra l i zed  r i v e r  s l ope  i n  f e e t  pe r  m i l e ,  
shown i n  t a b l e  1 ,  v a r i e s  f rom 1.56 f o r  t he  Sangamon R i v e r  i n  l l l i n o i s  t o  107.6 
f o r  t he  Tuolumne R i ve r  i n  C a l i f o r n i a .  The dra inage areas o f  t he  12 bas ins  
range f rom 1532 t o  8410 square m i l e s .  The bas ins  were s e l e c t e d  i n  s i z e  t o  be 
1 a rge  enough t o  revea l  the cons i s  t e n t  p a t  t e r n s  o f  hydrau l  i c  geometry and y e t  
smal l  enough t h a t  t he  r o u t i n e  work r equ i  red f o r  deve lop ing  t h e  hydrau l  i c  
geometry f a c t o r s  cou ld  be handled adequate ly  d u r i n g  t he  two-year term o f  the 
p r o j e c t .  Table  1 a l s o  shows the  number o f  stream gages u l t i m a t e l y  used i n  the  
development o f  the  h y d r a u l i c  geometry r e l a t i o n s ,  which t o t a l s  308 s t ream gaging 
s t a t i o n s  used i n  the  e n t i r e  p r o j e c t .  
The cross-hatched area i n  f i g u r e  1 i s  t h a t  p a r t  o f  t he  Un i t ed  S ta tes  f o r  
which annual r u n o f f  i s  l e ss  than 5  inches, and t h i s  " a r i d  zone" was purposely  
exc luded f rom t h e  p resen t  s tudy .  I t  i s  b e l i e v e d  t h a t  i n  t h i s  p a r t  o f  t he  
coun t ry ,  t he  h y d r a u l i c  geometry p a t t e r n s  a r e  complex. A t  a  p a r t i c u l a r  t ime  t he  
channel c h a r a c t e r i s t i c s  a r e  h i g h l y  dependent upon t he  n a t u r e  o f  t he  l a s t  f l o o d  
and a r e  l e s s  1 i k e l y  t o  represen t  t he  r e s u l t  o f  long- term c o n s i s t e n t  r u n o f f  
p a t t e r n s .  The 12 bas ins  s t u d i e d  a r e  a l l  l o ca ted  i n  t h e  humid reg ions ,  and 
f i g u r e  1 g i ves  f o r  each the  t o t a l  annual r u n o f f  i n  inches and the d i s t r i b u t i o n  
o f  t h i s  annual r u n o f f  throughout  t he  water  year  f rom October o f  one year  t o  
September o f  the  n e x t  year .  
Physiography 
The p h y s i c a l  geography o f  t he  Un i t ed  S ta tes  has been descr ibed  by Fenneman 
and Johnson (1964) and by Hunt (1967).  Basins s e l e c t e d  f o r  t h i s  s tudy  were . 
con ta ined  comple te ly  i n  one phys iograph ic  sec t i on .  Table  2  g i ves  t he  complete 
phys iog raph i c  d e s c r i p t i o n  f o r  each as p rov i ded  on t he  map by Fenneman and 
Johnson (1964).  As can be seen f rom the  d e s c r i p t i o n s  i n  t a b l e  2, t h e  12 bas ins  
p r o v i d e  a  g r e a t  v a r i e t y  o f  phys iograph ic  c o n d i t i o n s .  F i g u r e  2  shows a  genera l  
v iew o f  the  upper Snake R i ve r ,  which i s  a  mountain stream and one o f  the  s teeper  
o f  t he  12 bas ins  s t u d i e d .  
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T o t a l  Length  o f  R i v e r  Annua 1 Dra inage 
r e l i e f  main stem s 1 ope r u n o f f  a rea  Number o f  
( f  t )  ( m i  ( f t / m i  ) ( i n )  ( sq  m i )  s t ream gages 
Merrimack River a t  Lowell, Massachusetts 
Susquehanna River near Waverly, New York 
7 70 185 4.16 41.4 4780 2 6 
Roanoke River a t  Roanoke Rapids, North Carolina 
2470 278 8.88 13.2 8410 3 7 
Big Sandy River a t  Louisa, Kentucky 
1510 274 5.51 14.5 3892 19 
White River a t  Spencer, Indiana 
6 20 185 3.35 13.6 29 88 2 5 
Sangamon River near Oakford, I l l i n o i s  
41 5 266 1.56 8.0 5120 18 
Neches River a t  Evadale, Texas 
525 32 8 1.60 12.4 795 1 19 
Colorado River a t  Glenwood Springs, Colorado 
4300 153 28.1 8.0 4560 3 8 
Tuo lwrme River near LaGrange, California 
1 1300 105 107.6 22.4 1532 18 
Skagit River near Sedro WoolZey, Washington 
4500 136 33.1 70.6 3093 39 
Snake River near Heise, Idaho 
9350 198 47.2 15.5 5752 2 0 
Rogue River near Central Point, Oregon 
4900 90 54.4 19.5 2053 2 1 
Bas i n 
Table 2. Phys iographic  D e s c r i p t i o n  o f  t he  12 Basins 
as Given by Fenneman and Johnson (1964) 
Map number, 
Prov ince,  
and Sec t ion  C h a r a c t e r i s t i c s  
Merrimack 9b New England, Upland Dissected and g l a c i a t e d  pene- 
p l a i n s  on complex s t r u c t u r a l  
f ea tu res  ; monadnocks 
Susquehanna 8c Appalachian Plateaus,  Mature g l a c i a t e d  p l a teau  o f  
Southern New York moderate re1 i e f  
Roanoke 
B i g  Sandy 
White 
Sangamon 
Neches 
Colorado 
Tuo 1 umne 
Skag i t 
Snake 
Rogue 
4a Piedmont, Upland Submaturely d i  ssected pene- 
p l a i n  on d iso rdered  r e s i s t a n t  
rocks ; moderate re1 i e f  
8e Appalachian Plateaus,  Mature p l a t e a u  o f  f i n e  textu-re;  
Kanawa moderate t o  s t r ong  r e l i e f  
12d Cent ra l  Lowland, Young t i l l  p l a i n s ;  mo ra in i c  
T i l l  P l a i n s  topography ra re ;  no lakes 
12d Cent ra l  Lowland, 
T i l l  P l a i n s  
3 f  Costa l  P l a i n ;  
West G u l f  
Young t i l l  p l a i n s ;  mo ra in i c  
topography ra re ;  no 1 akes 
Young g rad ing  i n l a n d  t o  mature 
coas ta l  p l a i n  
16 Southern Rocky Complex mountains o f  va r ious  
Mountains types ; i n t e  rmon t bas i ns  
23d S i e r r a  Mountains,  B lock mountain range t i l t e d  . 
S i e r r a  Nevada west;  accordant  c r e s t s ;  
a l p i n e  peaks near eas t  s i d e  
23a Cascade Mountains, Sharp a l p i n e  summits o f  accor-  
Nor thern  dant h e i g h t ;  h i g h e r  v o l c a n i c  
cones 
18 Midd le  Rocky 
Mounta i ns 
Complex mountains, ma in ly  
a n t i c l i n a l  ranges; in termont  
bas i ns  
23b Cascade Mountains, Genera l l y  accordant summits; 
Midd le h i g h e r  v o l c a n i c  cones 

Th i s  has i nvo l ved  many man hours as w e l l  as t he  cos t s  f o r  copy ing bas i c  da ta  i n  
t h e i r  f i l e s  t o  be p rov ided  t o  t h i s  p r o j e c t  f o r  a n a l y s i s .  
The s e c t i o n  o f  t h e  s tudy d e a l i n g  w i t h  t h e  f l o w  d u r a t i o n  o f  streams was 
c a r r i e d  o u t  by A r i e  Ben-Zvi ,  A s s i s t a n t  H y d r o l o g i s t ,  a  U n i v e r s i t y  o f  I l l i n o i s  
graduate s tuden t  i n  C i v i l  Engineer ing,  work ing  under a  research a s s i s t a n t s h i p  
p rov ided  by t h i s  p r o j e c t .  P a r t - t i m e  s tuden t  a s s i s t a n t s  who worked on t h i s  p r o j e c t  
i n c l ude  Robert' A. A lvey,  Te r r y  G .  Shaw, Thomas E.  M i t c h e l l ,  Mosen Momen-Nejab, and 
Douglas W .  H iestand.  Other Water Survey personnel  a s s i s t i n g  i n  t h e  p r o j e c t  were 
James C .  N e i l l ,  S t a t i s t i c i a n ;  Robert  A. S i n c l a i r ,  who a ided  i n  t h e  computer 
a n a l y s i s ,  John W .  B ro the r ,  J r . ,  Ch ie f  Draftsman, who prepared the  i l l u s t r a t i o n s ,  
a s s i s t e d  by W i l l i a m  Motherway, J r . ;  and Mrs. J .  Loreena Ivens,  Technica l  E d i t o r ,  
who a ided  i n  e d i t i n g  t h e  f i n a l  r e p o r t .  
DATA 
Stream Gaging S t a t i o n s  
A1 1  o f  t he  data used i n  t h i s  r e p o r t  were c o l l e c t e d  i n  t he  f i e l d  by personnel  
o f  t he  U. S .  Geo log ica l  Survey as a  p a r t  o f  t h e i r  r e g u l a r  c o n t i n u i n g  program o f  
streamflow measurement. The general  procedure f o r  o p e r a t i n g  gaging s t a t i o n s  has 
been descr ibed  by C a r t e r  and David ian (1968).  There a r e  i n  1970 about 8500 such 
stream gaging s t a t i o n s  i n  the  Un i t ed  S ta tes .  As shown i n  t a b l e  1 ,  data  were 
used f rom 308 stream gaging s t a t i o n s  i n  t he  12 bas ins .  The technique o f  t a k i n g  
a  d ischarge  measurement a t  a  gaging s t a t i o n  has been descr ibed  by Buchanan and 
Somers (1969) .  When t h e  water  i s  sha l low,  t h i s  measurement i s  o f t e n  taken by 
wading t h e  stream as i l l u s t r a t e d  i n  f i g u r e  3 ,  and measuring t h e  v e l o c i t y  a t  
va r i ous  p o i n t s  throughout  a  cross sec t i on .  The w i d t h  and c ross - sec t i ona l  area 
o f  the  stream a r e  a l s o  ob ta ined .  
I n  t h e  appendix, f i g u r e s  17 through 28 p rov i de  maps o f  t h e  12 bas ins s t u d i e d  
showing t he  l o c a t i o n s  o f  a1 1 s t ream gaging s t a t i o n s  used, and t a b l e s  14 through 
25 l i s t  t h e  stream gaging s t a t i o n s  by name and i d e n t i f i c a t i o n  number. The 
p a r t i c u l a r  stream gaging s t a t i o n s  shown represen t  o n l y  p a r t  o f  t he  s t a t i o n s  t h a t  
have been i n  o p e r a t i o n  i n  these bas ins.  The s e l e c t i o n  o f  t h e  gages used i s  
exp la i ned  l a t e r .  
F i e l d  records o f  d i scharge  measurements made by t h e  U. S .  Geo log ica l  Survey 
were recorded on t h e i r  Form 9-207. From 50 t o  500 measurements were a v a i l a b l e  
a t  each s t a t i o n .  Data a v a i l a b l e  f o r  each measurement were the  w i d t h  W, channel 
c ross - sec t i ona l  area A, average v e l o c i t y  V, and t he  d ischarge  Q. The average 
depth D  was computed from D = A/W w i t h  D  be ing  d e f i n e d  as t he  h y d r a u l i c  depth.  
Hydraul  i c  Ra t ing  Curves 
The f i r s t  s tep  i n  d e p i c t i n g  g r a p h i c a l l y  t he  channel c o n d i t i o n s  f o r  a  reach 
o f  stream represented by p a r t i c u l a r  stream gaging s t a t i o n s  was t h e  p l o t t i n g  o f  
s t a t i o n  h y d r a u l i c  r a t i n g  curves.  The f o u r  parameters A, W, D, and V  were 
p l o t t e d  on l o g - l o g  paper versus Q. F i g u r e  4 shows h y d r a u l i c  r a t i n g  curves f o r  
t he  gaging s t a t i o n  on t he  Dan R i ve r  a t  D a n v i l l e ,  V i r g i n i a ,  i n  t he  Roanoke R i ve r  
Bas in .  The p o i n t s  represen t  a c t u a l  measurements, and s t r a i g h t  l i n e s  were f i t t e d  
t o  t he  p o i n t s  by eye t o  bes t  represen t  t he  genera l  r e l a t i o n .  The s c a t t e r  o f  
1000 10,000 50,000 
DISCHARGE (Q) , c f s  
Figure 4. Hydraulic rating curves for gage 2-0570, Dan River at 
Danville, Virginia, in the Roanoke River Basin 
p o i n t s  i s  due t o  the  v a r i a t i o n  i n  l o c a l  c o n d i t i o n s ,  b u t  the  genera l  p a t t e r n  f o r  
t h e  curves i s  e v i d e n t .  The curves a re  drawn i n  such a  way as t o  be c o n s i s t e n t .  
I f  a  v e r t i c a l  s e c t i o n  i s  taken a t  a  g iven  d ischarge,  t he  va lues f rom the  curves 
w i l l  s a t i s f y  two phys i ca l  laws: t he  p roduc t  o f  w i d t h  and depth equals  area, 
WD = A,  and t h e  area t imes v e l o c i t y  equals g i ven  d ischarge ,  AV = Q. 
The v e r t i c a l  dashed 1 i n e  i n  f i g u r e  4 i n d i c a t e s  a  d ischarge  o f  3850 cub i c  
f e e t  per  second ( c f s )  . Th i s  i s  t he  f l ow  t h a t  occurs  10 percen t  o f  t he  days 
each year .  As d iscussed l a t e r ,  t he  r e l a t i o n s h i p s  developed i n  t h i s  s tudy were 
l i m i t e d  t o  f l ows  a t  o r  below t h i s  10 percen t  d u r a t i o n .  Consequently, t he  
r e l a t i o n s h i p s  de r i ved  i n  t h i s  paper a re  based on t he  shape o f  t he  curves t o  t he  
l e f t  o f  t he  dashed l i n e  i n  f i g u r e  4. The 10 percen t  d u r a t i o n  f l o w  o f  3850 c f s  
i s  t h a t  which i s  exceeded about 36 days per  year ,  and i s  l ess  than b a n k f u l l .  
I n  f i g u r e  4, there  a r e  89 p o i n t s  represen t ing  i n d i v i d u a l  d ischarge  measure- 
ments. I t  was the p r a c t i c e  t o  p l o t  these h y d r a u l i c  r a t i n g  curves us ing  data 
f rom 50 t o  200 d ischarge  measurements du r i ng  the  most recen t  10 t o  20 years o f  
record. Th is  would general  l y  p rov ide  a c o n s i s t e n t  p a t t e r n  f o r  t he  curves such 
as i l l u s t r a t e d  i n  f i g u r e  4. 
The f o u r  s t r a i g h t  l i n e s  i n  f i g u r e  4 can be represented by equat ions hav ing 
t he  s t r u c t u r e  o f  equat ions 1 ,  2, and 3 .  These represen t  s ta t i on  values f o r  
these r e l a t i o n s  and a re  g iven  as f o l l o w s :  
METHODS OF ANALYSl S 
Comparison o f  Time 
A use fu l  method f o r  d e s c r i b i n g  the  t ime v a r i a b i l i t y  o f  f l ows  a t  a  p a r t i c u l a r  
stream gaging s t a t i o n  i s  t he  f l o w  d u r a t i o n  curve.  Th is  was descr ibed  by Fos te r  
(1934) and by Lane and Le i  (1950);  c u r r e n t  h y d r o l o g i c  p r a c t i c e  i s  descr ibed by 
Searcy (1959).  A d u r a t i o n  curve o f  d a i l y  d ischarge d e p i c t s  t h e  d ischarge  a t  t he  
gaging s t a t i o n  p l o t t e d  versus t he  percen t  o f  t he  days per  year  t h a t  t h i s  d i s -  
charge i s  equal l e d  o r  exceeded (a  f requency o f  occurrence F f rom 0 t o  100 per -  
c e n t ) .  Flow frequency i n  t h i s  r e p o r t  has been l i m i t e d  t o  t he  range from F = 0.10 
t o  F = 0.90, t h a t  i s ,  t he  d ischarges which occur  f rom 10 percen t  o f  t he  days . 
each year  t o  90 percen t  o f  t he  days each year .  
For  each bas in  s tud ied ,  a  t a b u l a t i o n  was made o f  a l l  t he  stream gaging 
records a v a i l a b l e .  I n  each case, t he re  were a few gages w i t h  records o f  50 t o  
60 years and a l a r g e r  number o f  gages w i t h  records o f  l ess  than 10 years.  
Consequently, f o r  each bas in  i t  was necessary t o  s e l e c t  t he  p a r t i c u l a r  gages and 
t he  per iods  o f  record t o  be used i n  t h i s  p r o j e c t .  Records were n o t  used 1) i f  
t he re  was d i v e r s i o n  i n t o  o r  o u t  o f  the bas in  above t h e  gage i n  an amount equiva-  
l e n t  t o  10 percen t  o f  t h e  lowest da i  l y  d ischarge o f  record,  and 2) i f  t he re  was 
upstream r e g u l a t i o n  a f f e c t i n g  as much as 20 percen t  o f  the  d ra inage  area o f  the  
gaging s t a t i o n .  I n  some cases a p o r t i o n  o f  t he  record  cou ld  be used b u t  a  l a t e r  
p e r i o d  o f  record cou ld  n o t  be used because o f  the  d i v e r s i o n  o r  r e g u l a t i o n  by t he  
above c r i t e r i a .  Even a f t e r  the  stream gaging records were censored i n  t h i s  
manner, cons iderab le  e v a l u a t i o n  o f  the  remaining records was requ i red .  
An example o f  t h i s  i s  i l l u s t r a t e d  i n  t a b l e  3 which shows the  common per iods  
o f  f l ow records a v a i l a b l e  f o r  t he  Rogue R i ve r  Basin.  There i s  1 gaging s t a t i o n  
w i t h  a  61-year record,  4  s t a t i o n s  have records f o r  t h e  35-year p e r i o d  1930-1964, 
and 1 1  s t a t i o n s  have records f o r  the  3-year p e r i o d  1947-1949. The l o c a t i o n s  o f  
a l l  21 stream gaging s t a t i o n s  w i t h i n  t he  Rogue R i v e r  Bas in  a re  shown i n  f i g u r e  28 
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F i g u r e  8. T y p i c a l  f low d u r a t i o n  curves f o r  t h e  12  bas ins  
H y d r a u l i c  Geometry Re la t i ons  
The h y d r a u l i c  r a t i n g  curves as shown i n  f i g u r e  4  f o r  s t a t i o n  2-0750, on t he  
Dan R i v e r  a t  D a n v i l l e ,  V i r g i n i a ,  i n  t he  Roanoke R i ve r  Bas in  show the  v a r i a t i o n  
i n  A, V, W, and D as r e l a t e d  t o  t h e  d ischarge  Q. From t h e  f l o w  d u r a t i o n  cu rve  
f o r  t h i s  gaging s t a t i o n ,  d ischarges f o r  t he  n i n e  va lues o f  f requency, F = 0.10 
through 0.90, can be read. These va lues o f  d i scharge  Q a r e  shown i n  t a b l e  6, 
a long  w i t h  t he  va lues p rov i ded  by t he  curves i n  f i g u r e  4  f o r  c ross - sec t i ona l  
area A, v e l o c i t y  V, w i d t h  W, and mean depth D. These va lues o f  A, V, W, and D 
can o f  course be computed by us i ng  equat ions 4, 5, 6, and 7, which was t he  
p r a c t i c e  i n  t h i s  p r o j e c t .  Table  6, then, represents  t he  b a s i c  da ta  analyzed t o  
p r o v i d e  h y d r a u l i c  geometry r e l a t i o n s .  
Equa t ions 
For every  r i v e r  bas in  s t ud ied ,  a  t a b l e  such as t a b l e  6  was prepared f o r  
every  gaging s t a t i o n .  An equa t ion  was developed r e l a t i n g  each o f  t he  f i v e  
hydrau l  i c  geometry f a c t o r s  Q, A, V, W, and D t o  the  two independent v a r i a b l e s  
o f  f l o w  f requency F and dra inage area Ad. Th i s  f o l l owed  t h e  form o f  t h e  gen- 
e r a l  i zed  r e l a t i o n s  shown i n  t he  e a r l i e r  s tudy by S t a l l  and Fok (1968).  An 
example o f  t h i s  form i s  p rov i ded  by f i g u r e  9, which shows t h e  r e l a t i o n  o f  d i s -  
charge Q t o  F and Ad f o r  t he  Roanoke R i ve r  Basin.  For c l a r i t y ,  o n l y  two curves 
f o r  va lues o f  f requency (F = 0.10 and F = 0.90) a re  shown. 
Table 6. Hydraul i c  Geometry Factors  Related t o  Flow Frequency f o r  
S t a t i o n  2-0750, Dan R i ve r  a t  D a n v i l l e ,  V i r g i n i a  
Cross - 
Flow s e c t i o n a l  Mean 
frequency Discharge area V e l o c i t y  Width depth 
F Q A V W D ( % I  ( c f s )  (sq f t )  ( f p s  ) ( f t )  ( f t )  
DRAINAGE AREA ( n d ) .  sq rnl 
Figure 9 .  Discharge as related to 
drainage area for two frequencies 
showing the 67-percent confidence 
intervals,  Roanoke River Basin 
A lso  shown i n  f i g u r e  9 a r e  t he  p o i n t s  
used t o  f i t  these l i n e s .  There a r e  35 
i n d i v i d u a l  p o i n t s  d e f i n i n g  each curve. 
Each p o i n t  i s  de r i ved  from one o f  t he  37 
gaging s t a t i o n s  used i n  t he  Roanoke Basin;  
t he  two p o i n t s  n o t  shown i n  f i g u r e  9 l i e  
below 10 square m i l es .  I t  can be noted 
t h a t  t he  p o i n t s  c l u s t e r  around t he  curve 
f o r  F = 0.10 more c l o s e l y  than f o r  t he  
lower curve. I t  i s  be l i eved  t h a t  t he  
h i g h e r  d ischarges o c c u r r i n g  a t  a  f r e -  
quency o f  F = 0.10 bes t  represent  the  . 
channel forming d i scha rge. 
I n  t h i s  p r o j e c t ,  n i n e  curves were 
s i m i l a r l y  f i t t e d  t o  the  data t o  represent  
each o f  t he  f requenc ies  from F = 0.10 
through F = 0.90. A l l  n i n e  curves were 
f i t t e d  as one t o t a l  m u l t i p l e  regress ion  
t o  t he  37 p o i n t s  t h a t  d e f i n e  each curve. 
The f i t t i n g  process was c a r r i e d  o u t  
mathemat ica l l y  us i ng  t he  n a t u r a l  l oga r i t hm 
o f  Q as t he  dependent v a r i a b l e  and t he  
va lues o f  F and the  n a t u r a l  l oga r i t hm o f  
Ad as independent v a r i a b l e s .  A s i m i l a r  
mathematical  f i t t i n g  was c a r r i e d  o u t  f o r  
t he  o t h e r  parameters A ,  V, W, and D. The 
r e s u l t  o f  t h i s  process was a s e t  o f  f i v e  
h y d r a u l i c  geometry equa t ions  f o r  t he  
Roanoke R i ve r  Bas in .  These a re :  
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Figure 6 .  Flow duration curves a t  an areal secondaq s t a t i on  
and an index s ta t ion ,  Rogue River Basin 
1 a r e  cons t ruc ted  s y n t h e t i c a l l y  w i t h  t h e  a v a i l a b l e  data.  T h i s  technique f o r  extend-  
i ng s t  reamf 1 ow 'data has been descr ibed by Searcy (1  959, 1960) , and i s  exerr~pl if i ed  
1 as f o l  lows. 
I n  t he  Rogue R i ve r  Bas in ,  t he  record  a v a i l a b l e  a t  s t a t i o n  14-3390 i s  f o r  t h e  
29-year p e r i o d ,  wa te r  years  1939-1967, a  r e l a t i v e l y  short  p e r i o d .  F i g u r e  6a 
shows a  d u r a t i o n  cu rve  o f  d a i l y  d ischarges a t  t h i s  secondary s t a t i o n  f o r  t h i s  
short  p e r i o d  o f  record .  F i g u r e - 6 b  shows f l o w  d u r a t i o n  curves a t  index s t a t i o n  
14-3590 f o r  the  same short p e r i o d  and f o r  t he  s tandard 42-year p e r i o d  (1926- 
1967). 
Reading t h e  curves f o r  t h e  index and secondary s t a t i o n s  f o r  t h e  concu r ren t  
shor,t p e r i o d  makes i t  p o s s i b l e  t o  c o n s t r u c t  a  cu rve  o f  r e l a t i o n  between these 
two s t a t i o n s .  Values o f  d i scharge  a t  cor responding va lues o f  f requency F f o r  
t he  two s t a t i o n s  a r e  read and p l o t t e d  t o  p r o v i d e  t h e  curve  shown i n  f i g u r e  7. 
Observed d ischarge  va lues f o r  bo th  s t a t i o n s  a r e  g i ven  i n  t a b l e  5. These va lues 
and f i g u r e  7 can then be used t o  compute 
1 0 , 0 0 0 ~  I I I  I I I  I I L  s y n t h e t i c  f l o w  va lues a t  t he  secondary 
s t a t i o n  f o r  the  s tandard p e r i o d  o f  re -  
- - 
0 
m w cord ,  as l i s t e d  i n  t a b l e  5  and p l o t t e d  
- 
i n  f i g u r e  6a. 
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r by t h i s  process f o r  every  s t a t i o n  u t i -  
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f o r  t h a t  bas in .  These curves were used 
/ 2 - t o  determine n i n e  va lues o f  f requency, 
m (C
f rom F = 0.10, 0.20, 0.30, e t c .  through 
,d 0.90, f o r  each s t a t i o n .  These va lues 
o f  d i scharge  Q were used i n  deve lop ing  
- the  h y d r a u l i c  geometry r e l a t i o n s  de- 
s c r i b e d  l a t e r .  
700 1000 5000 10,000 
DISCHARGE, C ~ S ,  AT INDEX STATION 14-3590 Because o f  t he  va lue  o f  t h e  f l o w  
d u r a t i o n  cu rve  i n  d e p i c t i n g  t he  genera l  
Figure 7 .  Curve-o f-re Zation o f  h y d r o l o g i c  regime o f  a  r i v e r  bas in ,  
flows a t  index s t a t i on  and f i g u r e  8 has been developed t o  show 
secondary s ta t ion ,  Rogue t y p i c a l  f l ow  d u r a t i o n  curves f o r  each 
River l as in o f  t he  12 bas ins  s t ud ied .  Here the 
Table 5. Flow Dura t ion  Data f o r  Index S t a t i o n  14-3590 and 
Secondary S t a t i o n  14-3390, Rogue R i ve r  Bas in  
Discharge, c f s  
Frequency 
F 
(% o f  
days ) 
Observed Syn the t i c  
secondary 
s t a t i o n  
1939- 1967 
index 
s t a t  i on  
1939- 1967 
index 
s t a t i o n  
1926- 1967 
secondary 
s t a t i o n  
1926- 1967 
d u r a t i o n  curve  shown i s  f o r  the  most downstream gaging s t a t i o n  i n  each bas in .  
F i gu re  8 i n d i c a t e s  t h a t  f l ows  i n  t he  Skag i t  R i ve r  a r e  much h i g h e r  than those o f  
the  o t h e r  bas ins and t h a t  f l ows  o f  the  Neches a r e  g e n e r a l l y  t he  lowest  o f  t he  
12 s tud ied .  
Comparison o f  P lace  
To c h a r a c t e r i z e  t he  l o c a t i o n  o f  a  p a r t i c u l a r  stream gaging s t a t i o n  w i t h i n  
t he  stream system, t he  dra inage area above t he  gaging s t a t i o n  has been used. 
The dra inage area i n  square m i l e s ,  A d ,  i s  a  phys i ca l  f a c t o r  which i s  much used 
i n  hydro logy .  The va lues o f  dra inage area f o r  each o f  the  stream gaging s t a t i o n s  
has been determined and pub l i shed  by t he  U. S .  Geolog ica l  Survey. I n  the  e a r l i e r  
research p r o j e c t  on I l l i n o i s  streams i t  was found t h a t  t he  dra inage area was 
use fu l  and p r a c t i c a l  i n  represen t ing  t he  l o c a t i o n  o f  a  gaging s t a t i o n  w i t h i n  a  
bas in .  
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From equa t i on  14 t h e  t o t a l  h o r i z o n t a l  l e n g t h  measured f rom the  beg inn ing  o f  the  
f i r s t - o r d e r  s t ream t o  the  end o f  t he  n - t h  o r d e r  stream should  be 
App l y i ng  equa t ions  20 and 21 w i t h  s t ream o r d e r  as a  parameter makes i t  p o s s i b l e  
t o  compute a  t h e o r e t i c a l  l o n g i t u d i n a l  streambed p r o f i l e .  Th is  computed p r o f i l e  
f rom equa t ions  20 and 21 i s  Yang's t h e o r e t i c a l  l o n g i t u d i n a l  streambed p r o f i l e .  
Because t h i s  p r o f i l e  i s  based on t he  e n t i r e  s t ream network,  i t  i s  a  more s t a b l e  
and meaningfu l  r ep resen ta t i on  o f  the  channel system than i s  t he  a c t u a l  stream 
p r o f i l e  o f  t he  main channel o n l y .  
Accord ing t o  Yang's (1970) law o f  average stream fa1  1 ,  f o r  any r i v e r  b a s i n  
which has reached i t s  dynamic e q u i l i b r i u m  c o n d i t i o n ,  the  r a t i o  o f  t he  average 
f a l l  between any two d i f f e r e n t  o r d e r  streams i n  t he  same r i v e r  bas in  i s  u n i t y ,  
t h a t  i s ,  
From equa t ions  17 and 18, the  stream f a l l  r a t i o  can be d e f i n e d  as t he  p roduc t  o f  
stream l e n g t h  r a t i o  and s t ream concav i t y .  For those r i v e r  bas ins  which have 
reached t h e i r  dynamic e q u i l i b r i u m  c o n d i t i o n ,  t h e i r  s t ream f a l l  r a t i o s  must be 
u n i t y ,  t h a t  i s ,  
A f t e r  s u b s t i t u t i n g  equa t i on  23 i n t o  equa t i on  20, t he  t o t a l  f a l l  measured f rom the  
beg inn ing  o f  the  f i r s t - o r d e r  s t ream t o  t he  end o f  t he  n - t h  o r d e r  s t ream should  be 
The l o n g i t u d i n a l  streambed p r o f i l e  c a l c u l a t e d  f rom equa t ions  21 and 24 w i t h  stream 
o r d e r  as a  parameter i s  Yang's e q u i l i b r i u m  p r o f i l e .  Ac tua l  l o n g i t u d i n a l  streambed 
p r o f i l e s  a long  t he  main stem f o r  the  12 r i v e r  bas ins  have been ob ta i ned  from topo- 
g raph i c  maps and a r e  shown l a t e r  i n  t he  Resu l t s  s e c t i o n  i n  f i g u r e  13 .  
RESULTS 
Equat ions and Graphs 
Equat ions 8 through 12 f o r  t he  Roanoke R i ve r  Bas in  exemp l i f y  t he  p r imary  
r e s u l t s  o f  t h i s  s tudy .  Th is  s e t  o f  f i v e  equa t ions  shows t he  q u a n t i t a t i v e  r e l a -  
t i o n  between d ischarge,  c ross - sec t i ona l  area, s t ream depth,  w id th ,  and v e l o c i t y  
f o r  the  va r i ous  dra inage areas w i t h i n  t he  bas in .  These equa t ions  can be used t o  
compute a  genera l  i z e d  va lue f o r  any of  these parameters anywhere w i t h i n  t he  bas in .  
Resu l t s  o f  t h i s  t ype  can a l s o  be presented g r a p h i c a l l y .  
1 i n  which Q i s  i n  cub i c  f e e t  p e r  second, Ad i n  square m i l e s ,  A i n  square f e e t ,  V 
I i n  f e e t  pe r  second, W and D i n  f e e t .  The des igna t i on  I n  s i g n i f i e s  a  l o g a r i t h m  
t o  t he  base e .  
I 
I The frequency o f  occurrence F i n  equa t ions  8 through 12 i s  l i m i t e d  f rom 
10 t o  90 pe rcen t  o f  t he  days. These h y d r a u l i c  geometry equat ions a r e  expected 
t o  g i v e  bes t  r e s u l t s  a t  h i ghe r  f l o w  r a t e s ,  as i s  shown i n  f i g u r e  9  where the bes t  
i f i t  i s  f o r  t h e  upper curve.  Complete se t s  o f  h y d r a u l i c  geometry equa t ions  f o r  each o f  t h e  12 bas ins a r e  g i ven  l a t e r  i n  t he  Resu l t s  sec t i on .  
I S t  ream '0 rde r s  
I n  t h e  e a r l i e r  I l l i n o i s  s tudy ,  a  cons iderab le  i n v e s t i g a t i o n  was made o f  the 
cons is tency  o f  s t ream o rde rs  w i t h i n  I l l i n o i s  bas ins .  For t h e  p resen t  p r o j e c t  i t  
was f e l t  d e s i r a b l e  t o  i n v e s t i g a t e  the cons is tency  o f  the  s t ream o rde rs  o f  the  
12 bas ins .  Hor ton (1945) i n  a  p i onee r i ng  and comprehensive s tudy o f  the  quan- 
t i t a t i v e  morphology o f  streams descr ibed  a  c o n s i s t e n t  p a t t e r n  under which a  
stream system develops and t o  which i t  c o n t i n u a l l y  a d j u s t s .  He showed t h a t  t he  
number o f  streams, t he  l eng th  o f  streams, and the  s l ope  o f  streams were a l l  
r e l a t e d  c o n s i s t e n t l y  t o  the  s t ream o r d e r  throughout  any e x i s t i n g  s t ream system. 
L a t e i  r e v i s i o n s  o f  the Hor ton s t ream o r d e r i n g  system were made by S t r a h l e r  
(1957, 1964). Because o f  the  i nhe ren t  f l e x i b i  1 i t y  and the  soundness o f  the  
S t r a h l e r  system o f  s t ream o r d e r i n g ,  i t  has been used i n  t h i s  r e p o r t .  I t  p ro -  
v ides  a  means o f  e v a l u a t i n g  n u m e r i c a l l y  t he  s t r u c t u r e  o f  a  stream system. 
For  the  complete stream system f o r  each o f  the  r i v e r  bas ins s t u d i e d ,  the  
I S t r a h l e r  s t ream o rde rs  were determined and measurements were made o f  t he  number o f  streams, t he  average l eng th ,  and t he  average s l ope  o f  streams o f  each o r d e r .  
Where ava i  l a b l e ,  the  s tandard  15-minute topographic  maps pub l  ished by t he  U. S .  
I Geolog ica l  Survey were used f o r  o r d e r i n g  t he  s t ream systems. The s c a l e  o f  these maps i s  about 1 i n ch  equals  1 m i l e .  Accord ing t o  S t r a h l e r  (1957),  v i s i b l e  
unbranched streams shown on the  topographic  maps i n  b l u e  were de f i ned  as the  
f i r s t - o r d e r  streams. Where two f i r s t - o r d e r  streams j o i n ,  a  second-order stream 
I begins and so f o r t h .  A f t e r  the  e n t i  r e  stream system was ordered,  t he  number o f  streams i n  each o r d e r  were t o t a l e d ,  and the  leng ths  and s lopes o f  streams o f  
t h e  t h i  r d -o rde r  and h i g h e r  were measured and averaged: 
1 F i g u r e  10 shows the  r e s u l t s  o f  t he  Ho r ton -S t rah le r  r e l a t i o n s h i p s  f o r  the  
Rogue R i ve r  Bas in .  The s o l i d  p o i n t s  i n  f i g u r e  10 a r e  the  va lues de r i ved  f rom a  
1 15-minute topograph ic  map. The s t r a i g h t  l i n e s  f i t t e d  show the  l i n e a r  r e l a t i o n -  sh ips  o f  s t ream number, average leng th ,  and average s l ope  t o  the  stream o r d e r  on semi log paper .  These r e l a t i o n s h i p s  show t h a t  H o r t o n ' s  law o f  s t ream numbers, law 
o f  s t ream l eng th ,  and law o f  stream s lopes a r e  a p p l i c a b l e  t o  t h i s  s t ream system. 
S i m i l a r  p l o t s  t o  f i g u r e  10 were de r i ved  and found t o  be g e n e r a l l y  c o n s i s t e n t  f o r  
t he  12 r i v e r  bas ins .  
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F igu re  1 1  shows g r a p h i c a l l y  the  h y d r a u l i c  geometry r e s u l t s  f o r  t h e  Roanoke 
R i v e r  Bas in  and t he  Rogue R i ve r  Basin.  For each p a r t  o f  f i g u r e  1 1 ,  t he  graph a t  
l e f t  i s  f o r  t he  Roanoke and the  graph a t  the  r i g h t  i s  f o r  t he  Rogue. Pa r t s  A 
and B show the  r e l a t i o n  between d ischarge ,  dra inage area, and frequency ( p a r t  A 
represen ts  equa t i on  8  o f  t h i s  r e p o r t ) .  P a r t s  C and D show the  c ross - sec t i ona l  
area,  p a r t s  E and F the  depth,  p a r t s  G and H t h e  v e l o c i t y ,  and p a r t s  I and J t he  
w i d t h .  
The t ype  o f  i n f o r m a t i o n  which can be read from the  graphs i n  f i g u r e  1 1  i s  
i l l u s t r a t e d  as f o l l o w s .  Suppose i t  i s  d e s i r a b l e  t o  know w i t h i n  t he  Roanoke 
R i ve r  Bas in  what the  stream channel c h a r a c t e r i s t i c s  m igh t  be a t  a  d ra inage  area 
o f  100 square m i l e s  d u r i n g  t he  d ischarge  which occurs  50 percen t  o f  t he  days. 
Reading p a r t  A o f  f i g u r e  1 1  shows t h a t  a t  a  d ra inage  area o f  100 square m i l e s  
and a t  a  f requency o f  F = 0.50, t he  d ischarge  i s  about 60 c u b i c  f e e t  pe r  second. 
P a r t  C o f  f i g u r e  1 1  shows t h a t  f o r  a  d ra inage  area o f  100 square m i l e s ,  a t  a  
f requency o f  F = 0.50, the  c ross - sec t i ona l  area o f  t he  stream i s  about 56 square 
f e e t .  P a r t  G shows t h a t  under such c o n d i t i o n s ,  t he  mean v e l o c i t y  would be about 
1.09 f e e t  pe r  second. P a r t  E then i n d i c a t e s  t h a t  t he  average depth under such 
c o n d i t i o n s  would be about 1.25 f e e t ,  and p a r t  I t h a t  t he  stream w i d t h  under such 
c o n d i t i o n s  i s  about 46 f e e t .  Thus, t he  use o f  these f i v e  graphs makes i t  p o s s i b l e  
t o  o b t a i n  a  genera l  es t ima te  as t o  t he  stream c h a r a c t e r i s t i c s  any where i n  t h e  
Roanoke R i v e r  Bas in ,  and t h i s  es t ima te  i s  based upon t h e  c o n s i s t e n t  p a t t e r n s  o f  
h y d r a u l i c  geometry as presented i n  these graphs and by equa t ions  8 through 12. 
S i m i l a r  comparat ive i n f o r m a t i o n  f o r  t he  Rogue R i ve r  Bas in  can be ob ta ined  f rom 
the  f i v e  graphs a t  t he  r i g h t  o f  f i g u r e  1 1 .  
The complete r e s u l t s  o f  t h i s  s tudy f o r  the  12 bas ins  i n  t he  Un i t ed  S ta tes  
a r e  presented i n  equa t ion  form i n  t a b l e  7. A s e t  o f  equa t ions  s i m i l a r  t o  
equa t ions  8 through 12 p resen ts  t he  h y d r a u l i c  geometry f o r  each o f  t he  12 r i v e r  
bas ins .  I t  would a l s o  be p o s s i b l e  t o  p l o t  these r e l a t i o n s  g r a p h i c a l l y  f o r  any 
o f  t he  12 bas ins by t he  use o f  these equa t ions  as has been done i n  f i g u r e  1 1 .  
The use o f  equa t ions  8 through 12 o r  any o f  t he  equa t ions  i n  t a b l e  7 w i l l  be 
shown by an example. Suppose i t  i s  d e s i r e d  t o  know the  c ross - sec t i ona l  area o f  a  
stream i n  t he  Roanoke R i v e r  Bas in  a t  a  l o c a t i o n  where t he  d ra inage  area i s  10 
square m i l e s ,  a t  a  f l o w  t h a t  occurs  90 percen t  o f  t h e  days per  year .  I n  t h i s  
case, Ad equals  10 square m i l e s ,  F = 0.90, and t he  govern ing express ion  i s  
equa t i on  9.  The h y d r a u l i c  geometry equa t i on  f o r  c ross - sec t i ona l  area i n  t he  
Roanoke R i v e r  Bas in  i s  
I n  A = 0.54 - 1.46(0.9) + 0.92 l n (10 )  
= 0.54 - 1.314 + 0.92(2.303) 
= 0.54 - 1.314 + 2.119 
= 1.345 
A = 3.84 square f e e t  
Th is  va l ue  agrees w i t h  t he  p l o t  on f i g u r e  1 1 .  
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Tab le  8. M u l t i p l e  C o r r e l a t i o n  C o e f f i c i e n t  R f o r  H y d r a u l i c  Geometry Equat ions 
Bas in  Q A  V 
- 
W 
- 
D 
- - - 
W/D 
-
Merrimack 
Susquehanna 
Roanoke 
B i g  Sandy 
Whi te  
Sangamon 
Neches 
Colorado 
Tuo 1 umne 
Skagi t 
Snake 
Rogue 
The reader  may no te  t h a t  the  se t s  o f  f i v e  equat ions i n  t a b l e  7 f o r  the  
Sangamon R i v e r  Bas in  and f o r  t he  Whi te  R i ve r  Bas in  a r e  d i f f e r e n t  f rom those 
presented f o r  these two bas ins  i n  t he  e a r l i e r  r e p o r t  by S t a l l  and Fok (1968).  
The d i f f e r e n c e s  a r e  a c t u a l l y  minor  and a r e  due t o  the  f a c t  t h a t  i n  the  e a r l i e r  
s tudy  the equa t ions  were f i t t e d  by eye and i n  t he  p resen t  s tudy  t h e  equa t ions  
have been f i t t e d  by m u l t i p l e  regress ion  on a  computer. A  g r a p h i c a l  p l o t  o f  t he  
r e s u l t s  us i ng  the  e a r l i e r  equat ions and the  equa t ions  shown i n  t a b l e  7 w i l l  show 
t h a t  t he re  i s  a c t u a l l y  o n l y  a  s l i g h t  d e v i a t i o n  between t he  two. The r e s u l t s  i n  
t a b l e  7 were de r i ved  mathemat ica l l y  and a r e  c o n s i s t e n t  w i t h  t h e  r e s u l t s  f o r  the  
o t h e r  10 bas ins .  
 a able 8  g ives  t he  values o f  t he  m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  R f o r  t he  
h y d r a u l i c  geometry equat ions f o r  each r i v e r  bas in  as presented i n  t a b l e  7. These 
c o r r e l a t i o n s  g i v e  a  general  idea as t o  the  goodness o f  f i t  o f  each s e t  o f  equa t ions .  
For example, t a b l e  8  shows t h a t  the m u l t i p l e  c o r r e l a t i o n  c o e f f i c i e n t  R f o r  t he  
Roanoke R i v e r  Bas in  f o r  t he  n a t u r a l  l o g a r i t h m  o f  d ischarge ,  I n  Q, as f i t t e d  i n  
equa t ion  8  t o  t he  independent v a r i a b l e s  F and I n  Ad, has a  va lue  o f  R = 0.98. 
I n  t h i s  case, R~ = 0.96 which, as a  s i m p l i f i e d  i n t e r p r e t a t i o n ,  s i g n i f i e s  t h a t  
96 percen t  o f  t he  v a r i a b i l i t y  i n  t he  dependent v a r i a b l e  I n  Q i s  exp la i ned  by 
v a r i a t i o n s  i n  t he  independent v a r i a b l e s  F and I n  Ad. 
Exponents and C o e f f i c i e n t s  
The genera l  form f o r  h y d r a u l i c  geometry equa t ions  as conceived by Leopold 
and Maddock (1953) has been presented e a r l i e r  i n  equa t ions  1 ,  2, and 3. These 
r e l a t e  w id th ,  depth,  and v e l o c i t y  o f  the  s t ream t o  the  d ischarge  through t he  use 
o f  t h r e e  exponents, b ,  f, and rn. The r e s u l t s  o f  t he  p resen t  p r o j e c t  can be 
expressed i n  the  form of  equat ions 1 ,  2, and 3 f o r  r e s u l t s  a t  any p a r t i c u l a r  
s t ream gaging s t a t i o n  o r  f o r  an e n t i r e  r i v e r  bas in .  Table  9  g ives  va lues o f  
h y d r a u l i c  geometry exponents b,  f, and rn as determined a t  each o f  t he  gaging 
s t a t i o n s  used i n  the  Roanoke R iver  Bas in .  These exponents have been de r i ved  
f rom the  hydrau l  i c  r a t i n g  curves,  such as those i n  f i g u r e  4 f o r  t h e  Dan R i ve r  
a t  D a n v i l l e ,  V i r g i n i a ,  s t a t i o n  2-0750, and t h e  exponents a r e  g i ven  i n  equat ions 
4 through 7. A t  the  bot tom of t a b l e  9  a r e  t he  mean va lues o f  t he  exponents and 
the  s tandard  d e v i a t i o n s .  The r e s u l t s  i n  t a b l e  9  g i v e  some i n s i g h t  i n t o  t he  i n -  
he ren t  v a r i a b i l i t y  o f  the  s t a t i o n  values o f  these exponents throughout  a  r i v e r  bas in .  
Tab le  9. S t a t i o n  Values o f  Exponents i n  H y d r a u l i c  Geometry 
o f  t h e  Roanoke R i ve r  Bas in  
Gaging s t a t i o n  Width Depth V e l o c i t y  Area 
number b  f m b + f  
- 
Mean 0.12 
Standard Dev ia t i on  0.12 
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Table 1 1 .  Values o f  H y d r a u l i c  Geometry Exponents f o r  
12 Basins Compared w i t h  Other  Resul ts  
Bas i n  
Merrimack 
Susquehanna 
Roanoke 
B i g  Sandy 
Whi te  
Sangamon 
Neches 
Colorado 
Tuo 1 umne. 
Skagi t 
Snake 
Rogue 
Width Depth V e l o c i t y  Area 
b f m b + f  6 
Mean 0.51 0.35 0.14 0.86 
Standard Dev ia t i on  0.05 0.07 0.06 0.06 
Midwest R ivers  0.50 0.40 0.10 0.90 
(Leopol d &   ad dock) 
Theo re t i ca l  0.55 0.36 0.09 0.91 
(Leopol d & Langbei n)  
Bas i n  
Table 12. Stream Hydraul  i c  Factors  f o r  12 R i ve r  Basins 
(Drainage area = 100 sq m i ;  d i scharge  o f  F = 0.1) 
Discharge 
Q 
( cfs 
Cross- 
s e c t  i ona 1 
a rea 
A 
( s q  f t )  
Mean 
v e l o c i t y  
v 
( f p s  
Merrimack 
Susquehanna 
Roanoke 
B i g  Sandy 
Wh i t e  
Sangamon 
Neches 
Colorado 
Tuol umne 
Skagi t 
Snake 
Rogue 
Width 
W 
( f t )  
Mean 
depth 
D 
( f t )  
Table 10 shows t he  mean s t a t i o n  va lues o f  these exponents b ,  f, and rn f o r  
each o f  t he  12 r i v e r  bas ins s t ud ied .  I n  each case t he  s tandard d e v i a t i o n  o f  t h e  
mean va lue  i s  g iven .  Th i s  t a b l e  p rov ides  an i n s i g h t  i n t o  t he  v a r i a b i l i t y  o f  
these s t a t i o n  va lues f o r  va r ious  bas ins throughout  t he  Un i t ed  S ta tes .  A t  the  
bot tom o f  t a b l e  10 a r e  s t a t i o n  values o f  b ,  f, and rn as publ  ished by o the rs .  
By a  s i m i l a r  man ipu la t ion ,  i t  i s  p o s s i b l e  t o  d e r i v e  va lues o f  exponents 
b ,  f, and rn f o r  each e n t i  r e  r i v e r  b a s i n .  I n  t h i s  case each s e t  o f  hydrau l  i c  
geometry equa t ions  f rom t a b l e  7 i s  r e w r i t t e n  i n t o  the  exponen t ia l  form. Table  1 1  
shows t he  va lues o f  the  exponents de r i ved  i n  t h i s  f ash ion  f o r  each o f  t h e  12 
b a s i n s  s t ud ied ,  as w e l l  as t he  mean and s tandard  d e v i a t i o n  o f  each. I t  should  be 
no ted  f rom t a b l e  1 1  t h a t  the  v a r i a b i l i t y  o f  each o f  these exponents i s  r e l a t i v e l y  
low. Table  1 1  a l s o  shows comparat ive b a s i n  values o f  these exponents as de r i ved  
by Leopold and Maddock (1953) f o r  Midwest r i v e r s  and the  t h e o r e t i c a l  va lues as 
publ  i shed by Leopol d  and Langbein (1 962). 
The h y d r a u l i c  geometry exponents b ,  f, and rn have been shown as s t a t i o n  
va lues i n  t a b l e s  9  and 10, and as b a s i n  va lues i n  t a b l e  1 1 .  The r e l a t i v e  meaning 
o f  these i s  i l l u s t r a t e d  and descr ibed  i n  f i g u r e  12 f o r  t he  Roanoke R i ve r  Bas in .  
The dashed l i n e s  i n  t he  graph i n  f i g u r e  12 represen t  the  s t a t i o n  va lues f o r  t h r e e  
s t a t i o n s ;  t he  upper dashed l i n e  i s  f o r  the  Dan R i v e r  a t  D a n v i l l e ,  V i r g i n i a ,  
s t a t i o n  2-0750. Th is  i s  the  same l i n e  as shown f o r  w i d t h  i n  t h e  h y d r a u l i c  r a t i n g  
curves i n  f i g u r e  4. Th i s  l i n e ,  i n  bo th  f i g u r e  4 and f i g u r e  12, i s  represented by 
equa t ion  4 as W = 268.0 ~ 0 . 0 7  where the  exponent b = 0.07. Th i s  s t a t i o n  va lue  o f  
the  w i d t h  exponent b g i ves  the change i n  channel w i d t h  a t  t h i s  s t a t i o n ,  as t he  
d ischarge  increases.  
I n  f i g u r e  12 t he  s o l i d  l i n e s  represen t  t he  b a s i n  va lue  o f  t he  w i d t h  exponent; 
he re .b  = 0.52 f o r  t he  Roanoke R i ve r  Bas in  as i s  g i ven  i n  t a b l e  1 1 .  For a  
p a r t i c u l a r  f l o w  c o n d i t i o n  assumed t o  be s teady -s ta te  throughout  t he  bas in ,  such 
as would occur  i f  t he  d ischarge a t  a l l  s t a t i o n s  had the  same frequency o f  occur -  
rence E ,  t he  b a s i n  va lue  o f  w i d t h  exponent b shows t he  change i n  channel w i d t h  
as t he  d ischarge  increases.  And f o r  such a  s t eady -s ta te  c o n d i t i o n ,  the  d ischarge  
increases i n  a  downstream d i r e c t i o n .  
The diagrams i n  f i g u r e  12 i l l u s t r a t e  t he  d i f f e r e n c e s  i n  t he  i n t e r p r e t a t i o n  
o f  s t a t i o n  va 1 ues and b a s i n  va lues o f  hydrau 1 i c  geomet r y .  
A  s t ream system i s  the  t o t a l  r e s u l t  o f  a l l  t he  g r a v i t y  and i n e r t i a l  fo rces  
i nvo l ved  i n  t he  r u n o f f  o f  water  from a  bas in .  P rogress ing  downstream w i t h i n  a  
bas in  t he  d ischarge  increases,  as does t he  w i d t h ,  depth,  and v e l o c i t y ,  as shown 
and q u a n t i f i e d  i n  t h i s  r e p o r t .  The downstream inc rease  i n  d ischarge  i s  accom- 
modated by increases i n  the  w id th ,  depth,  and v e l o c i t y .  Changes i n  these channel 
c h a r a c t e r i s t i c s  a r e  no t  f u l l y  p r e d i c t a b l e  however. I n  t h i s  p r o j e c t  t he  cons is -  
tency o f  the  w id th /dep th  r a t i o  o f  the  channel was i n v e s t i g a t e d ,  and i t s  downstream 
inc rease  was found t o  be e r r a t i c .  The w i d t h ,  depth,  and v e l o c i t y  o f  the  channel 
f l o w  a r e  governed by phys i ca l  laws which a l s o  govern t h e  development o f  t he  r i v e r  
p r o f i l e .  Th i s  r e p o r t  has a l s o  shown t he  p r e d i c t a b i l i t y  o f  t he  r i v e r  p r o f i l e .  
There i s  an u l t i m a t e  phys i ca l  c o n t r o l  system which s p e c i f i e s  the  complete stream 
system. Th is  u l t i m a t e  unders tanding o f  t he  stream system s t i l l  escapes s p e c i f i -  
c a t i o n  because o f  o t h e r  elements o f  t he  r i v e r s  energy system which a r e  no t  y e t  
q u a n t i f i e d  and proven c o n s i s t e n t .  These elements i nc l ude :  r i v e r  meanders, 
h y d r a u l i c  f r i c t i o n  losses i n  r i v e r  bends, changes i n  bed m a t e r i a l  and bed regime, 
Station va lues o f  h y d r a u l i c  geometry exponents r e v e a l  t h e  change i n  channel w i d t h ,  c r o s s - s e c t i o n a l  a rea ,  dep th ,  and 
v e l o c i t y  a t  a p a r t i c u l a r  gag ing  s t a t i o n  as t h e  d i s c h a r g e  changes. For  example, a t  an upstream s t a t i o n ,  such as 2-0560: 
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and a t  a downstream s t a t i o n ,  such as 2-0750: 
DISCHARGE (Q), c fs  
- 
- 
- 
A T  low D l  SCHARGE 
F = 0.90 
111u 
- 
B A S I N  VALUE 
b = 0.52 
A T  median D l  SCHARGE 
F = 0.50 
A T  median DISCHARGE 
F = 0.50 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- - 
- - 
- 
- 
- 
- 
- 
- 
- 
- 
- - 
A T  bankfull DISCHARGE 
F = 0.10 
- 
- 
- 
I 1  1 1 1 1  
A T  bankfull D l  SCHARGE 
F = 0.10 
Basin va lues ,  o r  downstream va lues ,  o f  h y d r a u l i c  geometry exponents revea l  t h e  change i n  channel w i d t h ,  c r o s s - s e c t i o n a l  
a rea ,  depth ,  and v e l o c i t y  a t  a d i s c h a r g e  h a v i n g  a cons tan t  f requency.  Fo r  example: 
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Figure 1 2 .  Graphical plot  and i l l u s t r a t i v e  diagrams of  the  di f ferences  
between the  hydraulic geometry exponent b  i n  the equation 
W = a ~ ~  for individual s t a t i o n  values and b a s i n  
values, Roanoke River Basin 
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Table 13.  Ho r t on -S t rah le r  Stream System Parameters 
S t  ream 
o r d e r  
Number Average Average Number Average 
o f  l eng th  s  1 ope S t  ream o f  1  eng t h  
s t  reams ( m i )  ( f t / m i  ) o r d e r  s t  reams ( m i )  
Merrirnack River Basin above Merrimack, N. H .  
2' map 1 5 '  map 
Susquehanna River Basin above WaverZy, N .  Y .  
2' map 7 1/2 '  map 
Roanoke River Basin above Roanoke Rapids, N .  C.  
2' map 1 5 '  map 
Big Sandy River Basin above Louisa, Ky. 
2' map 7 1 /2 '  map 
Average 
s  1 ope 
( f t / m i  ) 
Table  13 ( ~ o n t  inued) 
S t  ream 
5 o r d e r  1 
Number Average Average Number Average 
of  l eng th  s 1 ope S t  ream o f 1 eng t h  
s t  reams (mi) (ft/mi ) o r d e r  s t reams  (mi) 
White R i v e r  Bas in  above Spencer,  I nd .  
2' map 7 1 /2 '  map 
Sangamon ~ i v e r  Bas in  above Oakford, I Z Z .  
2' map 15 '  map 
Neches R ive r  Bas in  above EvadaZe, Tex. 
2' map 15 '  map 
CoZorado R ive r  Bas in  above GZenwood Spr ings ,  CoZo. 
2' map 
Average 
s 1 ope 
(f t / m i  
S t  ream 
o r d e r  
Tab 1 e 1 3 ( ~ o n c  l uded) 
Number Average Average Number Average 
o  f 1 en9 t h  s 1 ope S t  ream o  f l e n g t h  
streams ( m i )  ( f t / m i  o rde r  streams ( m i )  
Tuo lwnne River Basin above LaGrange, Ca Z i  f .  
2' map 15'  map 
Skagit River Basin above M t .  Vernon, Wash. 
2' map 
Snake River Basin above Heise, Idaho 
2' map 
Rogue River Basin above Central Point, Ore. 
2' map 1 5 '  map 
Average 
s 1 ope 
( f  t / m i  
MERRIMACK RIVER 
~ = - 1 . 7 3 6 m i  D = - 0 . 9 3 8  
E = 7.555 f t / m i  F = 0.960 
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Figure 13. River pro fi Zes 
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Figure 2 3 (Continued) 
Since Yang's t h e o r e t i c a l  p r o f i l e  i s  a  r e p r e s e n t a t i v e  p r o f i l e  f o r  t he  r i v e r  
1 bas i n  as a  whole, a  c e r t a i n  amount o f  d e v i a t i o n  f rom t h e  t h e o r e t i c a l  p r o f i l e  
! a long  a  p a r t i c u l a r  course o f  s t ream should  be expected. I n  s p i t e  o f  t h i s  f a c t ,  
t he  agreements between t he  a c t u a l  p r o f i l e  and t he  t h e o r e t i c a l  p r o f i l e  a r e  gener- 
a l l y  ve ry  good, as shown i n  f i g u r e  13.  The l o c a l i z e d  d e v i a t i o n  o f  t he  ac tua l  
p r o f i l e  f rom the  t h e o r e t i c a l  p r o f i l e  i s  an i n d i c a t i o n  o f  t he  presence o f  e i t h e r  
a  l o c a l  geo log i ca l  c o n s t r a i n t  o r  a  p a s t  geo log i ca l  event .  
i The Rogue R i ve r  p r o f i l e s  i n  f i g u r e  13 p r o v i d e  an example. The observed streambed p r o f i l e  a long t he  main stem o f  t h e  Rogue agrees w i t h  t he  t h e o r e t i c a l  
p r o f i l e  i n  bo th  the  upper and lower p o r t i o n s ,  bu t  n o t  i n  t he  m idd le  p o r t i o n  o f  
I t he  stream. Fo r t una te l y ,  because o f  the  v o l c a n i c  a c t i v i t y  near  C r a t e r  Lake, Oregon, t he  U. S.  Geolog ica l  Survey has made a  thorough s tudy  o f  t he  geo log i ca l  
changes i n  t h i s  area. Accord ing t o  W i l l i a m s  (1956), C r a t e r  Lake i s  t he  r e s u l t  
I o f  v o l c a n i c  a c t i v i t y  o f  Mount Mazama which took  p l a c e  between 4000 and 7000 years ago. Dur ing  t h i s  p e r i o d  o f  v o l c a n i c  a c t i v i t y  p a r t  o f  t he  t h i c k  f l o w  o f  lava went 
i n t o  t he  Rogue R i v e r  V a l l e y ,  and ". . . those t h a t  empt ied i n t o  t he  v a l l e y  o f  t he  
Rogue R i v e r  d i d  n o t  s t op  u n t i l  they had t r a v e l e d  35 m i l es .  . ." (Wi l l i ams ,  1956). 
I Comparison w i t h  t h e  topographic  map shows t h a t  t he  d e v i a t i o n  o f  t he  ac tua l  s t ream p r o f i l e  f rom the  t h e o r e t i c a l  p r o f i l e  occurs  e x a c t l y  a t  the  p l ace  where t he  
lava  en te red  t he  Rogue R i v e r . V a l l e y .  The h o r i z o n t a l  d i s t ance  o f  t h i s  dev ia ted  . 
I p o r t i o n  i s  about 38 m i l e s ,  which i s  very  c l o s e  t o  W i l l i a m s '  35 m i l e s .  The v e r t i c a l  d i s t ance  i n d i c a t e d  between t he  a c t u a l  and t h e o r e t i c a l  p r o f i l e  f o r  t h e  
dev ia ted  p o r t i o n  may p r o v i d e  a  measure o f  t he  depth o f  l ava  d e p o s i t i o n .  
I 
I When a  s t ream system has reached i t s  m a t u r i t y ,  i t s  s t ream f a l l  r a t i o  should  be u n i t y ,  and t he  t h e o r e t i c a l  p r o f i l e  and e q u i l i b r i u m  p r o f i l e  should  be i d e n t i c a l .  
S ince t h e  observed stream fa1  1 r a t i o  f o r  t he  Roanoke R i v e r  i s  u n i t y ,  t h e  r i v e r  
I v a l l e y ,  i n  genera l ,  w i l l  n o t  aggrade o r  degrade i n  t he  f u t u r e .  However, t h i s  does n o t  e l i m i n a t e  t he  p o s s i b i l i t y  o f  l o c a l i z e d  d e v i a t i o n  a long  a  p a r t i c u l a r  
course o f  s t ream from the  t h e o r e t i c a l  p r o f i l e .  
1 When t he  s t ream f a l l  r a t i o  i s  sma l l e r  than u n i t y ,  t h e  t h e o r e t i c a l  p r o f i l e  
should  have a  lower e l e v a t i o n  than t he  e q u i l i b r i u m  p r o f i l e ,  and t he  stream v a l l e y  
I w i l l  aggrade i n  the  f u t u r e  t o  approach t he  e q u i l i b r i u m  p r o f i l e .  Hence, t he  White,  Neches, and Colorado R ivers  wi 1 1  aggrade i n  t he  f u t u r e .  Conversely,  when t h e  
s t ream f a l l  r a t i o  i s  g r e a t e r  than u n i t y ,  t he  t h e o r e t i c a l  p r o f i l e  should  have a  
h i g h e r  e l e v a t i o n  than t he  e q u i l i b r i u m  p r o f i l e ,  and t he  stream v a l l e y  w i l l  degrade 
I i n  the  f u t u r e  t o  approach the  e q u i l i b r i u m  p r o f i l e .  Hence, t h e  Merrimack, Susquehanna, B i g  Sandy, Sangamon, and Rogue R i ve rs  w i l l  degrade i n  t h e  f u t u r e .  
Thus, t he  a c t u a l  s t ream f a l l  r a t i o  o f  a  stream system n o t  o n l y  serves as an 
i index o f  t he  m a t u r i t y  o f  the  stream system bu t  a l s o  i n d i c a t e s  i n  genera l  whether t he  r i v e r  v a l l e y  w i l l  aggrade o r  degrade i n  the  f u t u r e .  
I T i  me-of -Trave l  
I n  t he  e a r l  i e r  r e p o r t  by S t a l l  and Fok (1968),  i t  was found p o s s i b l e  t o  
1 check the  v e l o c i t y  equa t ion  f o r  t he  Whi te  R i ve r  Bas in  by us i ng  t i m e s - o f - t r a v e l  as measured by dye s t u d i e s .  Since t he  complete r e s u l t s  i n  t h e  e a r l i e r  r e p o r t  
made a v a i l a b l e  f o r  each p r i n c i p a l  stream i n  I l l i n o i s  an equa t i on  r e l a t i n g  t he  
1 v e l o c i t y  o f  the  stream t o  t he  f l o w  frequency and d ra inage  area,  i t  was deemed 
1 p l a u s i b l e  t o  use these v e l o c i t y  equat ions t o  compute es t imated  t i m e s - o f - t r a v e l  f o r  a l l  o f  t he  p r i n c i p a l  reaches o f  I l l i n o i s  streams. Th i s  was c a r r i e d  o u t  and 
pub1 ished by S t a l l  and Hiestand (1969).  
3 
F i g u r e  1 4  i l l u s t r a t e s  t h e  t y p i c a l  
l i n e s  o f  equal  v e l o c i t y  i n  a  s t ream c ross  
sec t i on .  The average v e l o c i t y  as com- 
puted by an h y d r a u l i c  geometry equa t i on  
g i ves  t h e  average v e l o c i t y  f o r  t h i s  c ross  
s e c t i o n .  T h e o r e t i c a l  as w e l l  as p rac -  
t i c a l  s t u d i e s  show t h a t  t he  v e l o c i t y  Figure 14. Typical l ines  of  equal 
d i s t r i b u t i o n  as shown i n  f i g u r e  14 ac- veloci ty  i n  a stream cross 
t u a l l y  e x i s t s  i n  na tu re .  As a conse- sect ion 
quence, t he  v a r i a t i o n  i n  v e l o c i t y  
causes t h e  d i s p e r s i o n  o f  a  dye o r  o t h e r  
contaminant m a t e r i a l  i n  a  stream. As t h e  m a t e r i a l  moves downstream i t  i s  d i s -  
persed and some o f  t h e  m a t e r i a l  t r a v e l s  f a s t e r  than t h e  average v e l o c i t y .  As a  
g e n e r a l i z a t i o n  i t  was cons idered accep tab le  t o  use t h e  r e l a t i o n  between these 
r e l a t i v e  v e l o c i t i e s  as 
where V l  i s  t h e  v e l o c i t y  o f  t h e  l ead ing  edge o f  t h e  dye and V i s  t h e  v e l o c i t y  
o f  t he  peak c o n c e n t r a t i o n  o f  t he  dye. Th i s  g e n e r a l i z a t i o n  was de r i ved  f rom se t s  
o f  da ta  f rom e i g h t  separa te  dye runs a v a i l a b l e  f o r  va r i ous  streams i n  I l l i n o i s  
and Ind iana,  as g i ven  by S t a l l  and H ies tand  (1969).  
F i g u r e  15 shows t he  computed t i m e - o f - t r a v e l  curves f o r  a  s e c t i o n  o f  t he  
Sangamon R i v e r  i n  I I 1  i n o i s .  These curves were computed by use o f  t h e  genera l  i zed  
hydrau l  i c  geometry equa t i on  f o r  v e l o c i t y  as pub1 ished by S t a l  l and Fok (1968). 
F i r s t ,  a  genera l  s o l u t i o n  was made f o r  t h e  average v e l o c i t y  a t  v a r i o u s  p o i n t s  
a long  t he  course o f  t he  main stem o f  t h e  r i v e r  f o r  t h r e e  d i f f e r e n t  f l o w  ra tes .  
These were termed low, mediwn, and high f l ow ,  o r  t h e  f l ows  f o r  a  f requency o f  
F = 0.90, F = 0.50 (median f l o w ) ,  and F = 0.10. The average v e l o c i t i e s  com- 
puted i n  t h i s  f a s h i o n  were then ad jus ted  by t he  1.25 f a c t o r  g i ven  i n  equa t ion  
25 t o  o b t a i n  t h e  v e l o c i t y  o f  t h e  l e a d i n g  edge o f  t h e  dye o r  contaminant m a t e r i a l .  
Th i s  v e l o c i t y  was used t o  compute t he  t i m e - o f - t r a v e l  o f  a  m a t e r i a l  down the  
course o f  the  r i v e r  a t  these t h ree  f l o w  r a t e s .  
The graphs, such as t h a t  shown i n  f i g u r e  15, as checked by dye runs, suggest 
t h a t  a t  h i g h  f l ows  t h e  t i m e s - o f - t r a v e l  a r e  accura te ,  a t  medium f lows  they a r e  
f a i r l y  accura te ,  and a t  low f lows t h e i r  accuracy may be poor .  Because o f  t he  
many cons ide ra t i ons  i nvo l ved  i n  t h e  
SANGW RIVER. LAKE DECATUR TO MOUTH hyd;aulics o f  a  stream a t   OW f lows ,  t h e  
cu rve  as shown i n  f i g u r e  15 f o r  low f l o w  
represents  the  f a s t e s t  t ime-o f - t  r ave l  
t h a t  m igh t  be expected through t h i s  
reach o f  t h e  r i v e r .  Because o f  t h e  
p o o l i n g  o f  t h e  water  a t  low f l ows ,  mea- 
sured t r a v e l  t imes a r e  o f t e n  s lower  than 
t h a t  shown i n  f i g u r e  15. 
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The use o f  t h e  r e s u l t s  o f  t h e  hy- 
d r a u l i c  geometry s tudy  t o  p r o v i d e  t ime-  
Figme 2 5.  Time-of-trave 2 o f  the o f - t r a v e l  graphs f o r  a l l  o f  t h e  ma jo r  
leading edge of  a dose o f  dye or stream reaches i n  l l l i n o i s  i s  b e l i e v e d  
contaminant for a 140-mile reach t o  be a v a l u a b l e  a p p l i c a t i o n  o f  t he  
of  the  Sangamon River r e s u l t s  o f  t h e  e a r l  i e r  research s tudy.  
Reaerat ion Capac i ty  o f  a  Stream 
I t has been shown by o the rs  and by S t a l l  and Fok (1968) t h a t  t he  capaci  t y  
o f  a  stream t o  a s s i m i l a t e  wastes i s  dependent on t he  depth and v e l o c i t y  o f  t he  
stream a t  a  p a r t i c u l a r  l o c a t i o n  as w e l l  as the  amount o f  d ischarge.  The re -  
a e r a t i o n  capac i t y  o f  a  s t ream can be computed as f o l l o w s  
where V i s  t he  mean v e l o c i t y  i n  f e e t  pe r  second, D i s  t he  average depth i n  f ee t ,  
and k2 i s  t he  r e a e r a t i o n  capac i t y  o f  the  s t ream a t  a  temperature o f  20 C .  The 
s t r u c t u r e  o f  t h i s  equa t i on  c l e a r l y  shows t he  dominant importance o f  t he  average 
depth and v e l o c i t y  o f  f l o w  i n  a  stream a t  a  p a r t i c u l a r  l o c a t i o n  i n  de te rmin ing  
i t s  capac i t y  t o  r eae ra te  i t s e l f .  
To determine t he  t o t a l  amount o f  oxygen which t h e  stream can a s s i m i l a t e  
r equ i r es  knowing t he  amount o f  wa te r  i n  t he  stream as w e l l  as t h e  k2 va lue .  
Th i s  computat ion can be accomplished by 
where 
A, = a s s i m i l a t i v e  capac i t y  o f  a  s t ream reach f o r  each ppm o f  oxygen 
d e f i c i e n c y  i n  tons per  day 
A = c ross - sec t i ona l  area o f  stream i n  square f e e t  
L = l eng th  o f  s t ream reach i n  m i l e s  
k2 = r e a e r a t i o n  c o e f f i c i e n t  o f  stream i n  m i l l i g r a m s  per  l i t e r  o f  water  
pe r  day ( t o  base 10) 
The use o f  hydrau l  i c  geometry re -  Figure 16. Total  ass imi lat ive  capa- 
l a t i o n s  can a i d  cons iderab ly  i n  p r o v i d i n g  c i t y  of  a l l  streams for two basins 
a genera l  es t ima te  o f  t he  a s s i m i l a t i v e  (discharge o f  F = 0 . 9 0 )  
The v a r i a t i o n  i n  t he  t o t a l  l oad  i n  tons per  day which can be a s s i m i l a t e d  by 
c h a r a c t e r i s t i c  o r  t y p i c a l  streams was c a l c u l a t e d  f o r  t he  Roanoke and Rogue R i ve r  
Basins and t he  r e s u l t s  a r e  shown i n  f i g u r e  16. Here, equa t i on  26 has been so lved  
t o  p r o v i d e  t he  k 2 ' s  f o r  each o f  t he  stream 
o rde rs  wi  t h i n  these r i v e r  bas ins and 10 I  1 1 1 1  I l l  I  I I I  I I I I  
equa t i on  27 has been so lved  t o  p r o v i d e  
t he  t o t a l  a s s i m i l a t i v e  capac i t y  f o r  a l l  - 
o f  the  streams o f  va r i ous  o r d e r  f o r  these E> 
t w o r i v e r b a s i n s a t a d i s c h a r g e h a v i n g a  g l  
f r e q u e n c y o f F = O . g O .  The r e s u l t s  have :i6- - 
been ad j us ted  t o  rep resen t  t he  t o t a  1 < + a < "  u > 
a s s i m i l a t i v e  capac i t y  a v a i l a b l e  w i t h i n  u , -zLL -
a  t y p i c a l  d ra inage  area o f  2000 square 2:  dk 
z 0 
m i  l e s .  For a  se l ec ted  2000-square-mi l e  - "7 = 
"7 LL < "
bas i n  w i t h i n  t he  Roanoke R i ve r  Bas in  o r  > > x < m -
t he  Rogue R i ve r  Bas in ,  t h e  t o t a l  assim- - 
i l a t i v e  c a p a c i t y  o f  t he  s t ream i n  tons 
per  day a t  l o c a t i o n s  hav ing va r i ous  o 
4 -  
2 -  - 
dra inage areas i s  shown i n  f i g u r e  16. 
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c a p a c i t y  o f  a  s t ream system. A l though t h e  genera l  answers such as shown i n  
f i g u r e  16 a r e  s u b j e c t  t o  many l o c a l  v a r i a t i o n s ,  t h i s  r e s u l t  does p r o v i d e  an 
o v e r a l l  concept as t o  t he  resource ava i  l a b l e  i n  terms o f  t h e  t o t a l  amount o f  
waste t h a t  p a r t i c u l a r  s t  ream sys tems can accommodate. 
CONCLUSION 
Th i s  s tudy  has r e s u l t e d  i n  t h e  f o l l o w i n g  conc lus ions :  
The 12 s t ream systems eva lua ted  do tend t o  a d j u s t  t h e i r  channels t o  a  
c o n s i s t e n t  p a t t e r n  which has been n u m e r i c a l l y  s p e c i f i e d  by t h e  con- 
cep ts  o f  hydrau 1 i c  geometry. 
The p a t t e r n  ho lds  c o n s i s t e n t  under t he  d i v e r g e n t  c o n d i t i o n s  o f  phys iog-  
raphy and hydro logy  represented by t he  12 bas ins .  
The s e t s  o f  f i v e  equa t ions  f o r  these bas ins  g i ven  i n  t a b l e  7 adequate ly  
express t he  h y d r a u l i c  geometry r e l a t i o n s h i p s .  
S i m i l a r  p a t t e r n s  can be i n f e r r e d  t o  e x i s t  and cou ld  be eva lua ted  i n  
o t h e r  bas ins  i n  t h e  humid reg ions  o f  t h e  U n i t e d  S ta tes  hav ing  r e l a -  
t i v e l y  u n i f o r m  physiography. P a t t e r n s  f o r  bas ins  i n  a r i d  zones 
r e q u i r e  f u r t h e r  s tudy .  
The r e s u l t s  f o r  these 12 stream systems can a l s o  be expressed i n  t he  
form o f  t h e  h y d r a u l i c  geometry equa t ions  as o r i g i n a t e d  by Leopold and 
Maddock (1953).  The r e s u l t s  a r e  compat ib le  w i t h  o t h e r  a c t u a l  and 
t h e o r e t i c a l  r e s u l t s  pub l i shed  i n  t h i s  form. 
The s t ream systems were shown t o  f o l  low t h e  Ho r ton -S t rah le r  laws o f  
stream numbers, s t ream l eng th ,  and s t ream s lopes.  For  n i n e  bas ins t h e  
f i t  was good, and f o r  t h r e e  bas ins  t h e  f i t  was f a i r .  
The Ho r ton -S t rah le r  laws were found t o  be c o n s i s t e n t  regard less  o f  t he  
s c a l e  o f  t h e  map o f  the  s t ream system. 
The Ho r ton -S t rah le r  laws a l l o w  t h e  computat ion o f  a  t h e o r e t i c a l  l o n g i -  
t u d i n a l  streambed p r o f i l e  based on the  n a t u r e  o f  a l l  segments o f  t h e  
s t ream system. Th i s  p r o f i l e  i s  a  more s t a b l e  and meaningfu l  represen- 
t a t i o n  o f  t h e  channel system than t h e  l o n g i t u d i n a l  p r o f i l e  o f  t h e  main 
channel o n l y .  Dev ia t i ons  o f  an a c t u a l  stream p r o f i l e  f rom t h e  theo- 
r e t i c a l  i s  an i n d i c a t i o n  o f  l o c a l  g e o l o g i c a l  c o n s t r a i n t s .  
Two new laws a r e  proposed t o  govern stream morphology, t h e  Z a w  of 
average stream fa22 and t h e  Z a w  of l eas t  ra te  of  energy eqendi ture .  
The Z m  of average stream f a l l  and t he  Ho r ton -S t rah le r  laws a l l o w  an 
e q u i l i b r i u m  streambed p r o f i l e  t o  be computed. When the  e q u i l i b r i u m  
p r o f i l e  i s  compared w i t h  the  a c t u a l  o r  t h e o r e t i c a l  p r o f i l e ,  an e s t i -  
mate can be made as t o  whether t h i s  s t ream system w i l l  aggrade o r  
degrade i n  t h e  f u t u r e .  
The equa t i on  f o r  stream v e l o c i t y  can be used t o  p r o v i d e  curves o f  t ime- 
o f - t r a v e l  o f  a  dye o r  contaminant i n  a  stream. These curves a r e  v a l i d  
a t  h i g h  and medium f l ows ,  b u t  a r e  poor  a t  low f lows .  
H y d r a u l i c  geometry equat ions can be used t o  p r o v i d e  a  genera l  es t ima te  
o f  channel c h a r a c t e r i s t i c s  a t  any l o c a t i o n  w i t h  t h e  system. A1 though 
s u b j e c t  t o  l o c a l  v a r i a t i o n s ,  t h i s  i s  i l l u s t r a t e d  t o  be o f  v a l u e  i n  
c a l c u l a t i n g  the  capac i t y  o f  a  s t ream system t o  a s s i m i l a t e  waste 
load ings .  
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I n  1970 the  U. S .  Geolog ica l  Survey operated about 8500 complete- record 
gaging s t a t i o n s  o f  which 308 were used t o  p r o v i d e  da ta  f o r  t h i s  s tudy .  By the  
use o f  h y d r a u l i c  geometry, a  broad and u s e f u l  g e n e r a l i z a t i o n  o f  these stream 
gaging data cou ld  be made f o r  va r i ous  stream systems. 
The book Water Facts for the  Nation's Future, by Langbe i n  and Hoyt (1 959) , 
i s  a  sys temat i c  app ra i sa l  o f  the  h y d r o l o g i c  da ta  a v a i l a b l e  i n  t he  Un i t ed  S ta tes .  
I t  s t a t e s :  
"Here i t  i s  enough t o  suggest t h a t  one approach t o  ach iev i ng  an 
adequate program i s  t o  b r i d g e  t he  gap between a v a i l a b l e  f a c t s  and needs 
o f  s p e c i f i c  problems by means o f  r e f i n e d  and en la rged  knowledge o f  
p r i n c i p l e s .  . . . Given o p p o r t u n i t y ,  g i f t e d  i n v e s t i g a t o r s  can b rea the  
l i f e  i n t o  raw f a c t s .  Moreover, i n t e r p r e t a t i o n  has a  leverage a c t i o n  on 
t h e  c o l l e c t i o n  o f  f a c t s .  Imag ina t i ve  rev iew can y i e l d  new r e l a t i o n s h i p s  
t h a t  can expand t he  use fu lness  o f  t he  mountains o f  da ta  a l r eady  a t  hand." 
I n  d iscuss  i ng water resources management i n  Aus t ra  1 i a  , Langbe i n  ( 1964) 
s t a t e d :  I '  . . . i t  i s  f a c t s  and knowledge about h y d r o l o g i c a l  i n t e r r e l a t i o n s h i p s  
which a r e  r e q u i r e d  t o  make t he  f o recas t s  o f  t he  e f f e c t s  o f  va r i ous  a l t e r n a t i v e s  
we face .  These a r e  t he  t o o l s  a d m i n i s t r a t o r s  and p o l i t i c a l  l eaders  need t o  make 
sound dec i  s  ions . ' I  
H y d r a u l i c  geometry p rov ides  a  s e t  o f  r e l a t i o n s  between stream parameters 
through which a  wide and u s e f u l  expansion o f  stream measurements has been made. 
Hard ison (1970),  i n  d e s c r i b i n g  s t r e a m l i n i n g  o f  d a t a - c o l l e c t i o n  procedures,  
dea ls  a l s o  w i t h  o v e r a l l  e f f i c i e n c y  i n  t he  use o f  e x i s t i n g  da ta .  He notes t h a t  
every  es t ima te  o f  a  s t reamf low c h a r a c t e r i s t i c  has an e r r o r  assoc ia ted  w i t h  i t ,  
and t h a t  r eg iona l  genera l  i z a t i o n  o f  s t reamf low c h a r a c t e r i s t i c s  usual  l y  p rov ides  
an improved es t imate by reduc ing sarnpl i ng  e r r o r .  Th i s  r eg iona l  genera l  i z a t  i on  
o f  stream channel c h a r a c t e r i s t i c s  i s  ano ther  impor tan t  r e s u l t  o f  t h i s  p r o j e c t .  
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Table 14. Merrimack R i ve r  Basin,  New Hampshire and Massachusetts 
L i s t  o f  28 gaging s t a t i o n s  and per iods  used f o r  f l o w  d u r a t i o n  
A1 1 records ad jus ted  t o  t h e  46-year s tandard pe r i od ,  wa te r  years 1919-1964 
( Index  s t a t  ions shown i n  i t a z i o s )  
Dra i  nage 
USGS area Water 
number (sq  m i )  years S t a t  i o n  
Pemigewasset R i ve r  a t  Woodstock, N.H. 
S.tevens Brook near Wentworth , N . H . 
Baker R i ve r  near Rumney, N.H. 
Pemigewasset River a t  PZymouth, N.H. 
Smith River near BristoZ, N.H. 
Merrimack R i ve r  a t  F r a n k l i n  Junc t i on ,  N.H. 
Contoocook R i ve r  a t  Peterboro,  N.H. 
N. B r .  Contoocook R i ve r  near An t r im,  N.H. 
Beards Brook near H i l l s b o r o ,  N.H. 
Contoocook R iver  near Henniker,  N.H. 
W. B r .  Warner R i ve r  near Brad fo rd ,  N.H. 
Warner R i ve r  a t  Dav isv i  1 l e ,  N.H. 
Blackwater R i ve r  near Webster, N.H. 
Contoocook R iver  a t  Penacook, N.H. 
Soucook R i ve r  near Concord, N.H. 
Suncook R i ve r  a t  N. Ch iches te r ,  N.H. 
S .  B r .  Piscataquog R i ve r  near Goffstown, N.H. 
Piscataquog R i ve r  near Goffstown, N.H. 
Merrimack R i ve r  near Gof fs  F a l l s ,  below 
Manchester, N.H. 
Stony Brook t r i b u t a r y  near Temple, N.H. 
Souhegan River a t  Merrimaok, N.  H .  
N. Nashua R i ve r  near Leominster,  Mass. 
Rocky Brook near S t e r l i n g ,  Mass. 
Squannacook R i v e r  near W. Groton, Mass. 
Assabet R i ve r  a t  Maynard, Mass. 
Nashoba Brook near Acton, Mass. 
Concord R i ve r  below Meadow Brook a t  
Lowel 1 ,  Mass. 
Merrimack R i ve r  below Concord R i ve r  a t  
Lowe l l ,  Mass. 
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Figure 1 7 .  Merrimack River Basin 
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Table 15. Susquehanna R i ve r  Basin, New York 
L i s t  o f  26 s t a t i o n s  and per iods  used f o r  f l o w  d u r a t i o n  
A1 1 records ad jus ted  t o  the 43-year s tandard pe r i od ,  wa te r  years 1925-1967 
( Index s t a t i o n s  shown i n  italics) 
Drainage 
USGS area Water 
number (sq mi) years S t a t i o n  
Oaks Creek a t  Index 
Susquehanna River at CoZZiersviZZe 
C h a r l o t t e  Creek a t  Davenport Center 
C h a r l o t t e  Creek a t  West Davenport 
Otego Creek near Oneonta 
Ouleout Creek a t  East Sidney 
Susquehanna R i ve r  a t  U n a d i l l a  
Unadi ZZa River near New Berlin 
Sage Brook near South New Ber 1 I n  
B u t t e r n u t  Creek a t  M o r r i s  
U n a d i l l a  R i ve r  a t  Rockdale 
Susquehanna River at ConkZin 
Chenango R i ve r  a t  Sherburne 
Canasawacta Creek near South Plymouth 
Chenango R i ve r  a t  Greene 
Genegantslet  Creek a t  S m i  t h v i  1 l e  F l a t s  
Shakham Brook near T rux ton  
A l b r i g h t  Creek a t  E.  Homer 
Tioughnioga R i ve r  a t  Co r t l and  
O t s e l i c  R i ve r  a t  C inc inna tus  
O t s e l i c  R i ve r  near Upper L i s l e  
Tioughnioga R i v e r  a t  l taska 
Chenango River near Chenango Forks 
Susquehanna R i ve r  a t  Ves ta l  
Owego R i ve r  near Owego 
Susquehanna R i ve r  near Waverly 
n38WnN aNV 
33~3 WV~~LS 596b-L 
sssn 
Table 16. Roanoke R i ve r  Basin,  V i r g i n i a  and Nor th  Ca ro l i na  
L i s t  o f  37 gaging s t a t i o n s  and per iods  used f o r  f l o w  d u r a t i o n  
A 1  1 records ad jus ted  t o  the 37-year s tandard pe r i od ,  wa te r  years 1931-1967 
( Index  s t a t i o n s  shown i n  i t a l i c s )  
Drainage 
USGS area 
number (sq m i )  
Water 
years S t a t i o n  
South Fk. Roanoke R i ve r  near Shawsv i l l e ,  Va. 
Roanoke R i ve r  a t  La faye t t e ,  Va. 
Roanoke River a t  Roanoke, Va. 
T inke r  C r .  near D a l e v i l l e ,  Va. 
Roanoke R i ve r  a t  Niagara,  Va. 
P igg  R i ve r  near Sandy Leve l ,  Va. 
Goose C r .  near Huddleston, Va. 
Roanoke R i ve r  a t  A l t a v i s t a ,  Va. 
B i g  O t t e r  R i ve r  near Ev ington,  Va. 
Roanoke R i ve r  a t  Brookneal,  Va. 
F a l l i n g  R i ve r  near Naruna, Va. 
Cub C r .  a t  Phoenix, Va. 
Roanoke R i ve r  a t  Randolph, Va. 
Roanoke C r .  a t  Saxe, Va. 
Dan R i ve r  near Franc isco,  N.C. 
South Mayo R i ve r  near N e t t l e r i d g e ,  Va. 
No r th  Mayo R i ve r  near Spencer, Va. 
Mayo River near Price, N .  C.  
Dan R i ve r  near Wentworth, N.C. 
Dan R i ve r  a t  Leaksvi  l l e ,  N.C. 
Smith R i ve r  near Phi l p o t t ,  Va. 
Smith R i ve r  a t  Basse t t ,  Va. 
Smith R i ve r  a t  M a r t i n s v i  1 l e ,  Va. 
Smith R i ve r  a t  Spray, N .C .  
Sandy River near Danvi Zle, Va. 
Dan R i ve r  a t  Danvi 1 l e ,  Va. 
Moon C r .  near Yanceyvi l l e ,  N.C. 
Dan R i ve r  a t  Paces, Va. 
George Cr. near Gretna, Va. 
Ban i s te r  R i ve r  a t  H a l i f a x ,  Va. 
Nor th  Hyco C r .  near  Leasburg, N .C .  
South Hyco C r .  near Hesters S to re ,  N.C. 
Double C r .  near R o s e v i l l e ,  N.C. 
Hyco R i ve r  near Denniston, Va. 
A 1  l e n  C r .  near Boydton, Va. 
Roanoke R iver  a t  Roanoke Rapids, N.C.  
Roanoke R iver  near Scot land Neck, N.C.  
SCALE OF MILES 
Figure 19.  Roanoke River Basin 
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Table 17. B i g  Sandy R i ve r  Basin,  Kentucky, V i r g i n i a ,  West V i r g i n i a  
L i s t  o f  19 s t a t i o n s  and per iods  used f o r  f l o w  d u r a t i o n  
A1 1 records ad jus ted  t o  t he  37-year s tandard p e r i o d ,  water  years 1931-1967 
( I ndex s t a t i o n s  shown i n i t a Z i c s )  
D r a  i nage 
USGS area Water 
number (sq m i )  years S t a t i o n  
Lev isa  Fork near Grundy, Va. 
Lev isa  Fork a t  F i s h t r a p ,  Ky. 
RusseZZ Fork a t  Hagsi, Va. 
Nor th  Fork Pound R i ve r  a t  Pound, Va. 
Cranenest R i ve r  near Cl in twood,  Va. 
Pound R iver  below Flannagan Dam, near 
Hays i ,  Va. 
Russel 1 Fork  a t  E lkhorn  C i t y ,  Ky. 
Lev isa Fork a t  P i k e v i l l e ,  Ky. 
Lev isa  Fork a t  Prestonsburg, Ky. 
Johns Creek near Meta, Ky. 
Johns Creek near Pres tonsburg, Ky. 
Johns Creek near Van Lear,  Ky. 
P a i n t  Creek a t  S t a f f o r d s v i  1 l e ,  Ky. 
Levisa Fork a t  Paintsvi  ZZe, K g .  
Tug Fork a t  Litwar, W .  Va. 
Panther Creek near Panther,  W. Va. 
Tug Fork near Kermi t ,  W.  Va. 
B i g  Sandy R iver  a t  Louisa,  Ky. 
B l a i n  Creek a t  Y a t e s v i l l e ,  Ky. 

T a b l e  18. Wh i te  R i v e r  Bas in ,  I n d i a n a  
L i s t  o f  25 g a g i n g  s t a t i o n s  and p e r i o d s  used f o r  f l o w  d u r a t i o n  
A1 1 r eco rds  a d j u s t e d  t o  t h e  35-year  s t a n d a r d  p e r i o d ,  w a t e r  y e a r s  1933-1967 
( i n d e x  s t a t i o n  shown i n  i t a Z i c s )  
Dra inage  
USGS a r e a  
number ( sq  m i )  
Water 
yea rs  S t a t  i o n  
Wh i te  R i v e r  a t  Muncie 
Buck Creek near  Muncie 
White River a t  Anderson 
K i  1 1 buck Creek near  Anderson 
White River near Nob Zesvi ZZe 
C i c e r o  Creek a t  A r c a d i a  
H i n k l e  Creek near  C i c e r o  
C i c e r o  Creek a t  N o b l e s v i l l e  
White River near Nora 
F a l l  Creek near  F o r t s v i l l e  
Lawrence Creek a t  F t .  Benjamin H a r r i s o n  
Mud Creek a t  l n d i a n a p o l i s  
F a l l  Creek a t  M i l l e r s v i l l e  
P l e a s a n t  Run a t  A r l i n g t o n  Ave., 
l n d i a n a p o l i s  
P l e a s a n t  Run a t  B r o o k v i l l e  Rd., 
l n d i a n a p o l i s  
Eag le  Creek a t  Z i o n s v i l l e  
Eag le  Creek a t  l n d i a n a p o l i s  
L i t t l e  Eag le  Creek a t  Speedway 
West Fo rk ,  Wh i te  L i c k  Creek a t  D a n v i l l e  
Wh i te  L i c k  Creek a t  M o o r e s v i l l e  
Wh i te  R i v e r  nea r  C e n t e r t o n  
Bean Blossom Creek a t  Bean Blossom 
Bear Creek near  T r e v l a c  
Bean Blossom Creek a t  Dolan 
White River a t  Spencer 
New Castle 
Greenf ie ld  
Bloomington 
E X P L A N A T I O N  
Figure 21. White River Basin 
Table 19. Sangamon R i ve r  Basin,  I l l i n o i s  
L i s t  o f  18 gaging s t a t i o n s  and per iods  used f o r  f l o w  d u r a t i o n  
A 1  1 records ad jus ted  t o  the 15-year s tandard pe r i od ,  water  years 1950-1964 
( i ndex  s t a t i o n s  shown i n  i t a l i c s )  
D r a  i nage 
USGS area Water 
number ( sq  m i )  years S t a t i o n  
Sangamon River a t  Mahomet 
Goose Creek near Deland 
Sangamon River a t  MonticeZZo 
Sangamon R i ve r  near Oakley 
South Fk., Sangamon R i ve r  near Nokomis 
Flat  Branch near Tay Zorvi Z Ze 
South Fk., Sangamon R i ve r  a t  K inca id  
South Fk., Sangamon River near Rochester 
Sangamon R iver  a t  R i ve r t on  
Spring Creek near Spring f i e  Zd 
S a l t  Creek near RoweZZ 
Lake Fork near CorrZand 
Kickapoo Creek a t  Waynesvi ZZe 
Kickapoo Creek near Lincoln 
Sugar Creek near Hartsburg 
S a l t  Creek near Greenview 
Crane Creek near Easton 
Sangamon River near Oakford 

Table 20. Neches R i ve r  Bas in ,  Texas 
L i s t  o f  19 s t a t i o n s  and pe r i ods  used f o r  f l o w  d u r a t i o n  
A 1  1 records ad jus ted  t o  t h e  28-year s tandard pe r i od ,  wa te r  years  1940-1967 
( i ndex  s t a t  ions shown i n  i t a l i c s )  
Drainage 
USGS area 
number ( sq  m i )  
8-0312 232 
8-0320 1145 
8-0325 1945 
8-0330 2724 
Water 
years  
1963- 1967 
1940-1961 
1945-1961 
1924- 1925 
1940-1961 
1962- 1967 
1924- 1934 
1940-1961 
1941-1949 
1965- 1967 
1940-1967 
1943 
1960- 1967 
1924-1 934 
1940-1967 
1965- 1967 
1939-1940 
1925 
1940- 1954 
1956- 1967 
1952-1 964 
1960- 1967 
1924- 1950 
1924- 1934 
1940-1950 
1925-1927 
1940-1967 
S t a t  i o n  
Kickapoo Creek near Brownsboro 
Neches R i ve r  near  Neches 
Neches R i ve r  near  A 1  t o  
Neches R i ve r  near  D i b o l l  
Piney Creek near Groveton 
Neches R i ve r  near Rockland 
S t r i c k e r  Creek near  Summerf i e l d  
EF Angel ina R i v e r  near  Cushing 
Mud Creek near Jacksonville 
Ange l ina  R i v e r  near A l t o  
Angelina River near Lufkin 
Bayou LaNana a t  Nacogdoches 
Arenoso Creek near San August i ne  
A t t oyac  Bayou near Ch i reno  
Angel ina R i ve r  near Z a v a l l a  
Ay ish  Bayou near San August ine 
Angel i na  R i v e r  a t  Horger 
Neches R i ve r  a t  Evadale 
Village Creek near Kountze 


1 
I Table 21. Upper Colorado R i v e r  Bas in ,  Colorado 
L i s t  o f  38 gaging s t a t i o n s  and pe r i ods  used f o r  f l o w  d u r a t i o n  
1 A1 1 records ad jus ted  t o  the 50-year s tandard  pe r i od ,  wa te r  years 191 1-1960 1 ( i ndex  s t a t i o n s  shown i n  i t a l i c s )  
USGS 
numbe r 
D r a  i nage 
area 
(sq m i )  
Water 
years  S t a t i o n  
L i t t l e  Columbine Creek above Shadow 
Mountain Reservoi r a t  Grand Lake 
Colorado R i v e r  near  Granby 
W i l l ow  Creek near  Granby 
W i l l ow  Creek above Wi l low Creek Reservo i r  
Ranch Creek near  Tabernash 
Meadow Creek near Tabernash 
Colorado R i v e r  a t  Hot Sulphur  Spr ings  
Keyser Creek near  Leal  
W i l l i ams  Fork  near  P a r s h a l l  
East Fork  Troublesome Creek near  Troublesome 
Troublesome Creek near  Troublesome 
Bemrose Creek near  Hoos ie r  Pass 
Spruce Creek near Brecken r i dge 
Blue River a t  Dillon 
Tenmile Creek a t  D i l l o n  
Rock Creek near  D i l  l on  
Boulder  Creek near  D i l l o n  
Blue R i ve r  above Green Mountain Reservo i r  
Colorado R i ve r  near  Kremml i ng 
Freeman Creek near  M i n t u r n  
Piney R i v e r  near  S t a t e  Br idge  
Rock Creek near Toponas 
Catamount C reek near  Burns 
Sunnyside Creek near Burns 
Turkey Creek a t  Red C l i f f  
Homestake Creek near Red C l i f f  
Eagle R i ve r  a t  Eagle 
Brush Creek near Eagle 
Eagle R i v e r  below Gypsum 
Colorado R i v e r  near  Dotsero 
Colorado River a t  Glenwood Springs 
Table 21 (Continued) 
USGS 
number 
D ra  i nage 
area 
(sq mi) 
Water 
years S t a t i o n  
Roaring Fork below Aspen 
North Fork Fryingpan River  near N o r r i e  
Fryingpan River  a t  Thomasvi l le 
C rys ta l  River  above Avalanche Creek 
near Reds tone 
Crys ta l  River  near Redstone 
Fourmi l e  Creek near Carbondale 
Roaring Fork a t  Glenwood Springs 

Table 22. Tuolumne R iver  Basin,  C a l i f o r n i a  
L i s t  o f  18 s t a t i o n s  and per iods  used f o r  f l o w  d u r a t i o n  
A l l  records ad jus ted  t o  the  42-year s tandard pe r i od ,  water  years 1926-1967 
( index  s t a t i o n s  shown i n  i t a l i c s )  
USGS 
number 
D r a  i nage 
area 
( sq  m i )  
Water 
years S t a t  i on  
Tuolumne R i ve r  a t  Hetch Hetchy Cabin 
near Sequoia 
F a l l s  Creek near Hetch Hetchy 
Tuolumne R iver  near Hetch Hetchy 
Cherry Creek near Hetch Hetchy 
Eleanor Creek near Hetch Hetchy 
South Fork Tuolumne R i ve r  near Sequoia 
South Fork T u o l m e  River near Oakland 
Recreation Camp 
Middle T u o l m e  River a t  Oakland 
Recreation Camp 
South Fork Tuolumne R iver  near Buck Meadows 
Tuolumne R iver  near Buck Meadows 
L i l y  Creek near P inec res t  
B e l l  Creek near P inec res t  
C 1 avey R i ve r  near Buck Meadows 
B i g  Creek near Groveland 
No r th  Fork  Tuolumne R iver  near Long Barn 
Nor th  Fork Tuolumne R iver  above Dyer C r .  
near Tuol  umne 
Woods Creek near Jacksonville 
Tuol umne R iver  a t  LaGrange Dam near LaG range 
S O N O R A  
ea - P A S S  
Doug las  - 
A n g e l s  Camp 
Yosemi te  V i l l a g e  
Coul t e r v i  I l e  
E l  P o r t a l  
TurZock Lake 
Merced F a l l s  
a 
A t w a t e r  
+a 
ea 
Merced 
Wawona 
a 
M e r i p o s a  F i s h  Camp 
ra ea 
N 
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Figure 25. TuoZwnne River Basin 
East WaZker River 
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Table 23. Skag i t  R i v e r  Basin, Washington 
L i s t  o f  39 gaging s t a t i o n s  and pe r i ods  used f o r  f l o w  d u r a t i o n  
A1 1 records ad jus ted  t o  t he  37-year s tandard per iod ,  water  years 1931-1967 
( i ndex  s t a t i o n s  shown i n  i t a l i c s )  
USGS 
number 
Drainage 
area 
(sq m i )  
Water 
years S t a t i o n  
Skag i t  R i ve r  near Hope, B. C .  
L i g h t n i n g  Creek near Newhalem 
Skag i t  R i ve r  above Devi 1s Creek near Newhalem 
B i g  Beaver Creek near Newhalem 
S k a g i t  R i ve r  near Newhalem 
Ruby Creek below Panther Creek near Newhalem 
Ruby Creek near Newhalem 
Skag i t  R i ve r  below Ruby Creek near Newhalem . 
Thunder Creek below McAl 1 i s t e r  Creek 
near Newha 1 em 
Thunder Creek near Newha Zem 
Thunder Creek near Marb lemount 
Skag i t  R iver  a t  R e f l e c t o r  Bar near Newhalem 
S t e t a t t l e  Creek near Newhalem 
Skag i t  R i ve r  a t  Newhalem 
Newhalem Creek near Newhalem 
Bacon Creek near Marb lemount 
South Fork Cascade R i ve r  a t  South Cascade 
G l a c i e r  near  Marblemount 
Sal i x  Creek a t  South Cascade G l a c i e r  
near Ma rb 1 emoun t 
Cascade R i ve r  near Marb lemount 
Cascade River a t  MarbZemount 
Jordon Creek a t  Marblemount 
Nor th  Fork Sauk R i ve r  near Barlow Pass 
South Fork Sauk R i ve r  near Bar low Pass 
Sauk River aboue Whitechuck River near 
Darrington 
Sauk R i ve r  a t  Da r r i ng ton  
B i g  Creek near Mansford 
S u i a t t l e  R i ve r  near Mansford 
Sauk River near Sauk 
Jackman Creek near Concrete 
Baker R i ve r  below Anderson Creek near  Concrete 
Sulphur  Creek near Concrete 
Table 23 ( ~ o n t  i nued) 
USGS 
number 
D ra  i nage 
a rea 
(sq mi) 
Water 
years S t a t  ion  
Finney Creek near Washington 
Alder  Creek near Hamil ton 
Day Creek below Day Lake near Lyman 
Day Creek near Hamil ton 
Day Creek near Lyman 
Skagi t River  near Sedro Wool l ey  
East Fork Nookachamps Creek near B ig  Lake 
East Fork Nookachamps Creek near Clear  Lake 
Hope 
Figure 26. Skagit  River Basin 
-. -. 
Table 24. Snake R i ve r  Basin,  Wyoming and ldaho 
L i s t  o f  20 s t a t i o n s  and per iods  used f o r  f l o w  d u r a t i o n  
A l l  records ad jus ted  t o  the  31-year s tandard  pe r i od ,  water  years 1925-1955 
( lndex  s t a t i o n s  shown i n  i t a l i c s )  
Dra i nage 
USGS area Water 
number (sq m i )  years S t a t  i on  
P a c i f i c  Creek near Moran, Wyo. 
B u f f a l o  Fork above Lava Creek near 
Mo ran, Wyo. 
B u f f a l o  Fork near Moran, Wyo. 
Gros Ventre R i ve r  a t  K e l l y ,  Wyo. 
Cache Creek near Jackson, Wyo. 
Hoback R i ve r  near Jackson, Wyo. 
Snake R i ve r  above reservo i  r near A lp ine ,  Wyo. 
Greys R i ve r  above r e s e r v o i r  near A lp ine ,  Wyo. 
Snake R iver  below Greys R i v e r  a t  A lp ine ,  Wyo. 
S a l t  R i ve r  near Smoot, Wyo. 
S w i f t  Creek near Afton, Wyo. 
Crow Creek near Fai  rv iew,  Wyo. 
Stump Creek near Auburn, Wyo. 
McCoy Creek above rese rvo i  r near A lp ine ,  ldaho 
l nd ian  Creek above r e s e r v o i r  near 
A lp i ne ,  ldaho 
E 1 k  Creek above rese rvo i  r near I rwi n  , l daho 
Snake R i ve r  a t  Calami ty  P o i n t  near 
I r w i n ,  ldaho 
Bear Creek above rese rvo i  r near I rwi  n  , l daho 
Snake R i ve r  near I r w i n ,  ldaho 
Snake River near Heise, Idaho 

Table 25. Rogue R i v e r  Basin,  Oregon 
L i s t  o f  21 s t a t i o n s  and pe r i ods  used f o r  f l o w  d u r a t i o n  
A1 1 records ad jus ted  t o  the  42-year s tandard pe r i od ,  wa te r  years 1926-1967 
( i ndex  s t a t i o n s  shown i n  i taZics)  
D r a  i nage 
USGS a  rea Water 
number (sq m i )  years S t a t  i o n  
Rogue R i ve r  above Bybee Creek 
Rogue River above Prospect 
M i l  1 Creek near Prospect 
Rogue R i ve r  below Prospect Powerplant 1 
South Fork Rogue R i ve r  above lmnaha 
Creek near Prospect 
South Fork Rogue R i ve r  near Prospect 
M idd le  Fork Rogue R i ve r  near  Prospect 
Red B lanke t  Creek near Prospect 
Rogue R i ve r  below South Fork Rogue R i ve r  
near  Prospect 
South Fork B i g  Butte Creek near Bu-bte FaZZs 
Rogue R i ve r  near McLeod 
E l k  Creek near T r a i l  
Rogue R i ve r  a t  Dodge Br idge  near Eagle P o i n t  
South Fork L i t t l e  B u t t e  Creek a t  B i g  E l k  
ranger s t a t i o n  
South Fork L i t t l e  B u t t e  Creek near Lakecreek 
Nor th  Fork L i t t l e  B u t t e  Creek near Lakecreek 
L i t t l e  B u t t e  Creek above Eagle P o i n t  
L i t t l e  Bu t t e  Creek a t  Eagle P o i n t  
West Fork Ashland Creek near Ashland 
East Fork Ash1 and Creek near Ash land 
Rogue R i ve r  a t  Raygold near Cent ra l  P o i n t  


